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Sin Nombre hantavirus is a rare rodent-borne pathogen that causes Hantavirus 
Cardiopulmonary Syndrome (HCPS), a disease with a 35% fatality rate in humans.  The main 
rodent host of Sin Nombre hantavirus is the deer mouse (Peromyscus maniculatus), one of the 
most prolific, best studied and highly adaptable rodent species in North America. Deer mice are 
hyper-reservoirs, carrying Sin Nombre virus, plague (Yersinia pestis) and the Peromyscus 
species carry Lyme disease. Although deer mice have been shown to react positively to wildfire, 
current assessments of Sin Nombre hantavirus risk to humans and climate change do not 
consider increasing fire risk.  In order to assess the effects of wildfire, human interference and 
climate change on the human-pathogen risk of Sin Nombre hantavirus in North America, a 
cross-disciplinary literature review was performed. Climate change and human interference has 
already increased wildfire incidents, extended wildfire seasons, and intensified drought; all of 
which are expected to worsen as climate change progresses. Deer mice population’s positive 
reaction to increased fire and preference for burned areas was found to be significant enough 
to warrant better monitoring of wildfire incidents across the United States, especially in areas 
of fragmentation and ecosystem disruption as these conditions may lead to increased incidence 
of Sin Nombre hantavirus. Future pathogenic hotspots may be determined by creating a 
comprehensive monitoring system using remote sensing of total fire (wildfire and agricultural 
burning) across North America which currently does not exist. Expansion of public health and 
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Increased pathogen risk due to climate change and ecosystem disruption is an 
important topic, especially in light of the novel coronavirus global pandemic of 2019. Climate 
change is heating the planet and changing growth patterns of fungi, bacteria, and viruses while 
allowing pathogens to migrate to new continents (Mikski et al., 2012).   Globalization and 
human population growth have reduced disease travel time from days or weeks to mere hours. 
Current methods of agriculture, wet markets, illegal trade, and slaughterhouses set the stage 
for quick pathogen dispersal to entire populations via food consumption, handling, or 
processing. Rodent-borne illness is of particular concern because rodent populations are highly 
reactive to anthropogenic land use and disaster. Generalist rodents host multiple zoonotic 
pathogens, can rapidly reproduce and live with humans, domestic animals, and livestock (Hans 
et al., 2016).  
Sin Nombre hantavirus is a rodent-borne illness spread by the deer mouse (Peromyscus 
maniculatus) whose range spans most of North America, Canada, and Mexico (Figure 1) (Harper 
and Meyer, 1999).  Sin Nombre hantavirus causes Hantavirus Cardiopulmonary Syndrome 
(HCPS) in humans, which has a fatality rate of 35% and requires intensive care to treat (Van 
Hook, 2018). There is no vaccine and no cure. Although it is a rare disease, little is known about 
the actual baselines of HCPS incidents within current populations because milder cases go 
unreported and fatal cases often resemble other illnesses (Harper and Meyer, 1999).  The deer 
mouse is a highly adaptable and bold species that quickly responds to a disaster (Van Hook, 
2018).  Deer mice rapidly reproduce in burned areas, especially after severe or repeated burns 
(Zwolak et al., 2013).  Even though this phenomenon is well-known in areas of forest 
management and among biologists, it is rarely discussed in terms of public health. As wildfires 
rapidly increase across North America and human expansion into more remote wildlands 
continues, it is crucial to determine how Sin Nombre hantavirus will be affected.  Climate 
change will disable current baselines where hantaviruses occur, making this topic one that 




                 
 Figure 1. The Deer Mouse, (Peromyscus maniculatus); note the distinctive white belly (Tapia, 2014). 
 
In this cross-disciplinary review, I will be examining the role climate change, wildfire, 
and human interference play in the potential spread of Sin Nombre hantavirus. First, I will 
discuss Sin Nombre hantavirus and the current climate change and wildfire trends. Then I will 
examine the role of deer mice in burned areas and of Sin Nombre hantavirus risk.  Next, I will 
discuss how anthropogenic land use affects hantavirus risk, agricultural burning, and at-risk 
populations. Finally, I will conclude by making recommendations to improve our surveillance 
and public health awareness of potential risks.  
Methods  
 To gain a better understanding of the potential increased risk of Sin Nombre hantavirus 
as a result of wildfire, climate change and human interference, a cross-disciplinary literature 
review was performed from areas of ecology, disease ecology, biology, virology, fire ecology 
and forest management. Search terms included “Sin Nombre hantavirus”, “deer mouse”, “deer 
mice in burned areas,” “Sin Nombre hantavirus and climate change” and “hantavirus and land 
disturbance.” The focus of this review was New World hantaviruses and Sin Nombre hantavirus 
specifically. Studies were investigated that examined the response of the primary host- deer 
mice, to fire, land fragmentation, agriculture, and ecosystem disturbance. Fire was evaluated in 




Human interference was researched to include human settlement into the Wildland Urban 
Interface, agriculture, and land disturbance. Results were synthesized to provide insight into 




Fatality Rate: the number of deaths from a specific pathogen 
 
Seroprevalence: the level of pathogen in a population, measured by blood serum 
 
Seropositivity rates: the level of tests that return a positive result for a pathogen 
in a group or population tested 
 
Trap Success: the number of traps set divided by the number of creatures caught as 
used by the Center of Disease Control (CDC) to determine population numbers 
 
The Rise of Infectious Disease and Climate Change 
As climate change increases and temperatures rise, the effects on global incidents of 
infectious disease are becoming apparent. In their review, Mirski et al. (2012) found that global 
climate change will increase the prevalence of emerging and re-emerging disease as factors like 
humidity, temperature, and CO2 alter the growth, resistance, and immunity of fungi, bacteria, 
and food-borne illness. In vector and rodent-borne illness, pathogen prevalence will respond to 
environmental factors that affect vector and rodent movement. As rodents and vectors expand 
into and thrive in warmer areas, increases in Malaria, Dengue, West Nile, and Lyme Disease are 
expected. Seasonality will affect transmission times in zoonotic disease overall, especially in 
tick-borne and vector-borne illnesses like Lyme disease, whose spread increases as humans 
spend more time outdoors (Gubler et al., 2001).  Mirski et al. (2012) found that warmer 
temperatures affect migration and habitation patterns in birds and alter transmission and 
distribution patterns of the diseases they harbor, such as Avian Bird Flu.  As climate warming 
alters migration times and ecosystem decimation reduces bird species, normalized migration is 
disrupted, and new species interact. This could lead to new hosts, die-off events, or increased 




travel, and tourism have rapidly spread tick-borne illnesses such as Lyme Disease from North 
America into the European continent.   
Mirski et al. (2012) found that pathogen risk increases due to extreme weather 
disturbances such as flooding, fire, drought, El Nino/El Nina, or freezing events. These events 
can change migration patterns, leading species to avoid or venture to new areas or increase 
generalist species who thrive or fluctuate in times of disaster, such as deer mice (Peromyscus 
maniculatus) or black rats (Rattus rattus).  This theory is supported by the recent COVID-19 
global pandemic in which rodent populations within New York starved to death as cities 
emptied and food scraps disappeared (Yang, 2021).  Weaker, smaller rodents were reduced, 
leaving larger, bold, and aggressive rats fighting over minimal food. As New Yorkers return to 
the city, rodent populations quickly rebounded in response to the sudden influx of resources 
(Yang, 2021).  
 
Future Pandemics  
As the effects of climate change increase, so does the risk of future pandemics. 
Understanding how viruses evolve and spread helps us to understand current human risks. 
Quammen (2012) explains that predictions of a rise in global pandemics began in the 1960s and 
1970's with disease experts warning about dangerous human behavior lending itself to 
pathogen spread.   Zoonotic pathogens or disease from animals, represent 65% of new and 
emerging diseases (Quammen, 2012).   A successful virus has evolved to have an amicable 
relationship with its host.  In this relationship, a virus allows its' host to live rather than kill it, in 
order to spread disease (Quammen, 2012).   
Sin Nombre hantavirus was discovered in 1999, but it is not a new disease (Harper and 
Meyer, 1999).  It is an emerging disease, new to science but hypothesized to have evolved 
thousands if not millions of years ago with the deer mouse (Harper and Meyer, 1999). Each 
time the Sin Nombre hantavirus makes the jump into humans, it results in one of two 
outcomes. The virus kills its victim and then dies too, or the victim survives the illness, and the 
virus dies. Either scenario means that the jump into humans is viral suicide because most 




1999).  With each jump into a new host, the virus learns and evolves. There is increased human 
risk as the virus is exposed to a variety of hosts and more evolution takes place (Quammen, 
2012).   
As global warming creates a more favorable climate for pathogen spread, humans are 
engaging in behavior that increases the risk of zoonotic disease. The outbreak of a novel 
coronavirus and the COVID-19 pandemic in 2019 reflects ongoing globalization, climate change, 
and ecosystem destruction. Global pandemics will become more common due to these multiple 
factors coming together in the time of climate change (Quammen, 2012).  Viruses present the 
greatest threat for future pandemic risk because modern science has very few tools to treat 
them (Quammen, 2012).  Sin Nombre hantavirus and hantaviruses in general, present 
increasing risk as they have high fatality rates with no vaccine, no cure and supportive care as 
the only available treatment.  
 
Wet Markets & Factory Farming  
Human populations increase the threat of disease in the way that we eat (Quammen, 
2012).  Current wet markets in China and other countries force animal, rodent, and reptile 
species from around the world into one place, usually collected after ecosystem destruction 
such as rainforest decimation. These species are put into tiny cages and stacked on top of or 
next to each other (Figure 2).  When creatures are afraid and stressed, they participate in viral 
shedding, increasing the possibility of viral spread to the creature in the cage below or next to 
them (Quammen, 2012).   Species who would never meet in their normal ecosystems now 
participate in viral shedding in confined spaces, giving viruses an increased chance to leap into 
new species. Current factory farming practices, zoos, animal exhibits, breeding farms, animal 
sanctuaries or any situation in which species are confined, stressed, and in close contact with 
the same or different species increase the ability of a virus to jump from one species to another 
(Figure 3a, b).   
Whether successful or not, each jump allows a virus to adapt and evolve (Quammen, 
2012).  These highly stressed animals then become food for humans, ensuring human risk 




are common in the United States within large-scale feedlots, dairy farms, and poultry plants 
(Figure 4).  Within large slaughterhouses, rates of food-borne illness such as antibiotic-resistant 
salmonella are high and attempts to control disease have failed (Philpott, 2018). At the end of 
the kill line, the United States Department of Agriculture’s Food Safety and Inspection Service 
(FSIS) has put in place a Maximum Acceptable Rate of 15.4 percent for parts tested positive for 
salmonella in chicken breast, legs and wings because elimination of the disease was 




Figure 2. Image of a meat market in China where trade of various kinds of animals occur including endangered and vulnerable 







Figure 3a, b. An African lion, American black bear and Bengal tiger all rescued from a drug dealer's house have lived in the same 
habitat since their arrival as cubs in 2001. They cannot be reintegrated into the wild (Russo, 2016). 
 
 
Figure 4. Large scale poultry feedlots in the United States raise thousands of chickens in one area leading to an increase in 





Mass Extinction  
Natural areas and wildland represent barriers between zoonotic pathogens and 
humans. As humans participate in ecosystem destruction, we eliminate natural barriers 
between us and disease (Quammen, 2012). Elimination of large predators has increased pest 
species such as squirrels, rats, raccoons, and deer.  The current mass extinction has resulted in 
a severe decrease in species worldwide, including plants, insects, birds, and mammals (Kolbert, 
2014).  Although viruses and bacteria do not have independent thought, they consistently learn 
and evolve (Quammen, 2012). For instance, the adaption and persistence of community-
acquired bacterial staph infections (Methicillin-Resistant Staphylococcus Aureus or MRSA) has 
prompted increased panic as antibiotics fail to resolve the most acute cases (Quammen, 2012).  
Viruses and bacteria are opportunists, making leaps into the species that present 
optimal vessels for survival.  As the human population grows, we increase the number of 
opportunities for viruses and bacteria to infect us.  The elimination of millions of species due to 
mass extinction ensures that viruses and bacteria will find their way into humans more often as 
we become increasingly dominant (Quammen, 2012).  
 
What is Sin Nombre Hantavirus?  
 Hantaviruses are negatively sensed, single-stranded RNA viruses in the Bunyaviridae 
family (Jonsson et al., 2010).  Sin Nombre hantavirus is one of approximately 50 known 
hantaviruses worldwide, about half of which affect humans (Harper and Meyer, 1999; Jonsson 
et al., 2010).  Antibodies have been located on every continent in the world except Antarctica 
(Harper and Meyer, 1999; Jonsson et al., 2010). Hantaviruses spread through human exposure 
to excreta or saliva of a specific rodent host (Jonsson et al., 2010). Hantaviruses are broken up 
into New World (Canada, North & South America) and Old World (Europe, Russia, and Asia) 
hantaviruses. New World hantaviruses cause Hantavirus Cardiopulmonary Syndrome (HCPS), an 
illness targeting the lungs and heart with a 35% fatality rate in the United States. Old World 
hantaviruses cause Hemorrhagic Fever with Renal Syndrome (HFRS) with fatality rates of 




  Sin Nombre hantavirus was the first New World hantavirus discovered in 1993 in the 
Four Corners Region of the United States.  The mysterious deaths of two 21-year-old healthy 
track athletes from acute pulmonary edema (excess fluid in the lungs) led the Center for 
Disease Control (CDC) to investigate (Van Hook, 2018). Both patients were members of the 
Navajo Tribal Nation.  Initially discovered in May 1993, 24 patients were found to have Sin 
Nombre hantavirus antibodies, and by June of that year, half had died (CDC, 1993). The illness 
was determined to be the first New World Hantavirus, called Sin Nombre hantavirus (or "No 
Name virus") after a name could not be decided upon and was attributed to the rapid influx of 
deer mice (Peromyscus maniculatus) on the land.  A drought followed by a wet year increased 
vegetation and led to rapid population increases in local deer mice populations resulting in 
increased human exposures (Van Hook, 2018). The initial fatality rate was approximately 75% 
but has decreased to 35% within the United States (Van Hook, 2018).  
 A second outbreak occurred in Yosemite National Park in 2012 after guests stayed in 
signature tent cabins (Nunez et al., 2014). The tent cabins had been specially built for winter 
camping, and deer mice were nesting between the wooden structures' insulation (Nunez et al., 
2014). After this discovery, the cabins were taken down. The 2012 outbreak resulted in ten 
patients and three fatalities: seven patients required hospitalized care, and five required 
ventilatory support (Nunez et al., 2014).   
Sin Nombre Hantavirus is a reportable disease, and acute HCPS cases are considered 
rare in the United States, with 20-40 reported per year and 728 total reported between 1993-
2017 (Figure 5) (CDC, 2017).  Non-fatal HCPS cases are more common, go unreported, and 
cannot be totaled (Jonnson et al., 2010). Sin Nombre hantavirus is regarded as a rural disease in 
North America (Harper and Meyer, 1999).  After its initial discovery in the United States in 
1993, Sin Nombre hantavirus was diagnosed throughout South America and Canada (Harper 
and Meyer, 1999). There is no vaccine and no cure for Sin Nombre hantavirus, and intensive 





Figure 5. Cases of New World hantavirus in the United States per state of reporting from 1993-2017 (CDC, 2017). 
 
 The primary rodent host of Sin Nombre hantavirus is the deer mouse (Peromyscus 
maniculatus), whose range spans Canada, North America, and South America (Figure 6) (Harper 
and Meyer, 1999). The deer mouse is one of the best-studied rodents on Earth (Harper and 
Meyer, 1999).  Deer mice have been referred to as the ‘wheat or the grain’ of entire 
ecosystems, responsible for supporting many vulnerable species in the Western half of the 
world (Harper and Meyer, 1999).   As a generalist species, deer mice reach sexual maturity 
early, reproduce quickly with three to four liters a season and are highly adaptable (Harper and 
Meyer, 1999).  
After natural disasters such as floods, fires, El Nino/El Nina and other weather events, it 
is common to see an increase in generalist rodent species which may dominate an area until 
stabilization occurs and biodiversity returns (Harper and Meyer, 1999).  Natural disasters can be 
chaotic and the influx of generalist species, as well as disruption to normal systems increases 




multiple human pathogens (Hans et al., 2015).  Deer mice are hyper-reservoirs and host Sin 
Nombre hantavirus, plague (Yersinia pestis) and the Peromyscus species carry Lyme disease.  
Although deer mice are some of the best studied populations on Earth, Sin Nombre hantavirus 
is still an evolving mystery (Harper and Meyer, 1999).  
 
 
Figure 6. The range of Peromyscus maniculatus spans Canada, North America and Mexico (Adapted from Wilson and Ruff, 
1999). 
 
Disease Dynamics of Sin Nombre Hantavirus  
Sin Nombre hantavirus is spread between deer mice through contact between host 
species via grooming behaviors, biting, and aerosolized feces and urine (Jonnson et al., 2012). 
The lowest seropositivity levels within deer mice populations are found in spring because 
overwintering leads to lower population levels (Sullivan et al., 1984; Calisher, 2009).  Spread is 
increased during mating season because of more interactions between mice (Calisher, 2009). 




(suggesting fighting or mating interactions). Deer mice appear to be unaffected by Sin Nombre 
hantavirus and display no symptoms of disease (Yates et al., 2002).  As the age of a mouse 
increases, they are more likely to carry Sin Nombre hantavirus (Calisher, 2009). Young deer 
mice are protected due to inherited antibodies from their mother, and as a result, older age is 
associated with increased seroprevalence (Harper and Meyer, 1999).  
Sin Nombre hantavirus is transmitted by the deer mouse to humans via biting or via 
inhalation of aerosolized feces and urine (Yates et al., 2002).  Most human exposures result 
from inhalation of aerosolized feces and urine inside peridomestic areas, for example, entering 
a barn or cabin that is not properly ventilated  (Levine et al., 2008). Human exposure is 
associated with outdoor occupations such as agriculture and landscaping work or employment 
in the National Park Service  (Levine et al., 2008) 
To measure increased risk for human outbreaks of hantavirus, two factors are 
considered: deer mice abundance (number of deer mice) and seroprevalence (levels of positive 
antibodies within a deer mouse population) (Yates et al., 2002).  The rapid increase in deer mice 
population leads to colonization of shared human spaces and increased human contact, thus 
elevating human pathogen spread risk (Yates et al., 2002). During the Four Corners outbreak of 
1993, deer mice were recorded at ten times their normal population size and found inside 
homes, trailers, cars, and peridomestic spaces such as barns and sheds  (Van Hook, 2018). The 
2012 Yosemite outbreak in tent cabins at Curry Village caused trap success to increase to 51%, 
up from 11% in a previous study (Nunez et al., 2014).  However, seroprevalence in the deer 
mouse population during the outbreak was 14%, which was lower than the 16% reported 
across California at similar elevations (Nunez et al., 2014).  Different kinds of land disturbance 
have been shown to raise abundance and/or seroprevalence levels, including land 
fragmentation, urbanization, peridomestic structures, and agriculture (Guo et al., 2019, Rubio 
et al., 2014). 
 
Current Sin Nombre Hantavirus and Climate Change Data 
In a review of possible climate change effects on hantaviruses, Dearing and Dizney 




affect the spread of the disease.  Anthropogenic land fragmentation is a concern for increased 
hantavirus in climate change, especially as rodents migrate to new climates.  Higher 
temperatures may allow hantavirus to remain aerosolized for extended periods and increase 
transmission. However, parts of North America, such as the Four Corners region, may become 
too hot to support the Peromyscus species which may be replaced with the more heat-tolerant 
Heteromyid species. Dearing and Dizney (2010) describe the invasion of new rodent hosts as 
problematic, especially the Norway Rat (Rattus norvegicus) and the black rat (Rattus rattus), 
both of which carry the Seoul virus and Norway rats host Haatann virus. Seoul virus has moved 
efficiently around the world due to rat dispersal via ships, and rodents can quickly be 
transported globally in this way (Harper and Meyer, 1999).  The Andes virus, a hantavirus with a 
fatality rate of 45% and the only one that spreads via person-to-person transmission, is hosted 
by the long-tailed rice rat (Oligoryzomys longicaudatus).  Andes virus could spread via shipping 
routes as climate changes allow the long-tailed rice rat to adapt to new territories. Territorial 
shifts of rodent species may reduce or increase hantavirus disease but are not easily 
predictable. Dearing and Dizney (2010) cite a lack of long-term data about hantavirus and 
climate change as the main reason for the inability to predict the future of the virus and suggest 
implementing better public health measures to prevent transmission.  
In another review of hantavirus and climate change, Klempa (2009) also concludes that 
the movement of rodent species will bring hantavirus to new regions but that increased 
temperature extremes may also remove hantavirus from areas where it is currently endemic. 
The author cites Africa as a new potential hotspot after the discovery of hantavirus antibodies 
in shrews and stresses that inadequate health care conditions on the continent are masking 
current outbreaks (Klempa, 2009).   
There are limited studies on hantavirus and climate change, and these are broader 
studies not limited to Sin Nombre hantavirus. The consideration of fire is not addressed in these 
studies (Klempa, 2009; Dearing and Dizney, 2010).  The rodent response to wildfire and the 
effect on pathogen spread is especially relevant in North America because deer mice 
populations (the rodent host of Sin Nombre) react positively to wildfire (Zwolak et al., 2012). 




Domination of burned areas by the bank vole (Myodes glareolus), host of the Puumala 
hantavirus, was recorded after severe wildfire in Sweden (Ecke, 2019). Farmers continuously 
battle influxes of cotton rats (Sigmodon hispidus- host of Black Creek Canal hantavirus), roof 
rats (Rattus rattus- host of Seoul virus), and rice rats (Oryzomys palustris- host of the Bayou 
hantavirus) after semi-annual agricultural burns in Florida (Martin et al., 2007).  In Brazil, pre-
harvest burns are associated with an increase in the delicate vesper mouse (Calomys tener), 
hairy-tailed bolo mouse (Necromys Lasiurus), black-footed pygmy rice rat (Oligoryzomys 
nigripes), and the black rat (Rattus Rattus), all of which have been shown to carry hantavirus 
strains that cause HCPS in humans (Gheler-Costa, 2013).  Generalist rodent species around the 
world react positively to fire necessitating more consideration of the role of fire in hantavirus 
risk.   
 
Viral Mutation and Exposure  
Hantaviruses are RNA-viruses prone to antigenic shift and drift, leading to the rapid 
mutations which characterize other RNA viruses such as influenza (Zeier et al., 2005).  As more 
domestic and wild animals are tested, the broader the scope of antibody prevalence becomes. 
Hantavirus antibodies have been found across many species, including domestic dogs, cats, wild 
hares, deer, and moose, to name a few.  Zeier et al. (2005) argue that while we may associate 
hantavirus with one primary rodent host, the ecology of the virus is still poorly understood. 
Humans may face current or future exposure from other sources.  Zeier et al. (2005) argue that 
a broader understanding of hantavirus ecology is needed to fully determine human risk as we 
interact with other species. Species that share domestic spaces with both rodents and humans, 
such as domestic cats and dogs, and livestock such as pigs, deer, horses, and cattle, should be 
further researched (Zeier et al., 2005). A multi-state outbreak in the United States in 2017 led 
to 17 people acquiring Seoul hantavirus from their pet rats due to a hantavirus outbreak in 11 
different ratteries (CDC, 2017).  As humans blur the lines between domestic and wild animals, 
there is an increased risk of possible human infection.  
Hantaviruses have been found on every continent globally, with at least four genetic 




discovered total with about half affecting humans (Jonnson et al., 2012).  In 2013, novel 
hantaviruses were detected in bats and a shrew in China, expanding the conversation about 
possible hosts and transmission routes between species and humans (Guo et al., 2013).   
Sabino-Santos, Jr. et al. (2018) tested 270 specimens and nine species of bat in Southeastern 
Brazil, where it was discovered that two species, Seba’s short-tailed bat (Carollia perspicillata) 
and the common vampire bat (Desmodus rotundus) were naturally infected with a human 
pathogenic hantavirus.  Infection in the organs of the common vampire bat suggested chronic 
infection similar to the type displayed by rodent-hosts of hantavirus (Sabino-Santos, Jr. et al., 
2018). These findings suggest bats play a role in hantavirus transmission, although it is unclear 
what that role is.  About 20% of all mammals are bats (Calisher et al., 2006). Bats act as 
important reservoir species and can harbor multiple viruses at once without becoming infected 
(Calisher et al., 2006). Bats can fly, and their interactions with humans, wild species, and 
domestic livestock has already led to zoonotic spillover events into humans, such as the Nipah 
virus (Calisher et al., 2006).  
An increase in Sin Nombre hantavirus detection is most likely the combination of 
climate variables and the increased ability to diagnose, track and trace the virus since its 
discovery in 1993. Typically, Sin Nombre hantavirus is challenging to contract (Harper and 
Meyer, 1999).  The more contact a person has with aerosolized deer mouse excreta, the higher 
their odds of infection (St. Maurice et al.,2017). Those with jobs that include rodent exposure 
are more vulnerable than the general population despite most exposures occurring within the 
home (St. Maurice et al.,2017).   During the 2012 Sin Nombre Outbreak in Yosemite National 
Park, the signature tent cabins found to contain nests of deer mice were occupied by 10,193 
guests, but only nine campers of had confirmed cases of HCPS (Nunez et al., 2014).  The CDC 
contacted over 250,000 park visitors for follow-up during the outbreak (Nunez et al., 2014).  
 Sin Nombre hantavirus is mysterious because we do not understand what makes a 
person susceptible to it. Ten confirmed cases were recorded in Yosemite 2012, with four 
directly associated with one particular tent cabin and two from other regular cabins in nearby 
areas. Confirmed park visitors reported no unusual behavior inside the cabins (Nunez et al., 




region compared the odds of getting the new and mysterious virus to being struck by lightning. 
They initially refused to take precautions against deer mice which they argued had been in the 
area all their lives (Harper and Meyer, 1999).  It is unclear what makes a person increasingly 
susceptible to Sin Nombre hantavirus and what factors lead to the development of acute HCPS 
(Harper and Meyer, 1999).  Acute Hantavirus Cardiopulmonary Syndrome is most damaging due 
to an overactive immune response (similar to the response experienced during the Spanish flu, 
which was particularly harmful to the young and healthy). How Sin Nombre hantavirus chooses 
victims is still unclear.  
 
Hantavirus the Illusive Mimic  
Although it is rare, the true scope of Sin Nombre hantavirus within our population is 
limited as fatalities and milder cases remain undiagnosed. Many Sin Nombre hantavirus 
fatalities, including two during the Yosemite National Park Outbreak, were initially attributed to 
other causes and retroactively diagnosed after suspicion of an outbreak occurs (Nunez et al., 
2014). Sin Nombre hantavirus is often misdiagnosed as a bacterial infection such as flu or 
pneumonia (Van Hook, 2018).  Patient treatment is complicated because ill patients are given 
fluids upon arrival to the hospital (Harper and Meyer, 1999).  Increased fluids combine with 
hemorrhaging of the epithelial cells in the lining of the lungs result in pulmonary edema, with 
patients drowning in their fluids (Harper and Meyer, 1999).  Patients with acute HCPS often 
experience Acute Respiratory Distress Syndrome (ARDS) which is a common response for 
victims of trauma such as car accidents or those with multiple pre-existing conditions. In 
younger populations, such as the two initial victims of Sin Nombre hantavirus, who were both 
21 and both track athletes, the ARDS response was alarming (Van Hook, 2018).   However, in 
older patients or populations with multiple pre-existing conditions, ARDS can be attributed to 
other factors which mask a hantavirus diagnosis (Harper and Meyer, 1999). 
In cases of milder Sin Nombre hantavirus, correct diagnosis is even more elusive.  Two 
cases during the Yosemite National Park Outbreak of 2012 presented milder symptoms (Nunez 
et al., 2014).  One patient presented with nausea and vomiting, the other patient, had diarrhea.  




hantavirus in both patients. While these symptoms might have been attributed to potential 
food poisoning, outbreak-related testing allowed the actual diagnosis to light. This situation led 
the CDC to declare that not all hantavirus incidents for that season had been diagnosed (Nunez 
et al., 2014).  
Limited testing and the ability of Sin Nombre hantavirus to mimic many other illnesses 
prevents a proper understanding of the current scope of the virus. HCPS is a reportable disease 
and receives the most attention when it presents in its typical acute form or when it causes 
fatality in primarily young or healthy patients (Van Hook, 2018).   Milder cases, especially in 
vulnerable populations, can be easily missed, as can fatalities in those with compromised health 
(Harper and Meyer, 1999).   
Wildfire Trends  
Deer mice in burned areas have rapidly increasing populations and may present 
increased pathogen risk to humans (Zwolak et al., 2008, Hans et al., 2015). Current wildfire 
trends in North America can help to determine human hantavirus risk.  Due to climate change 
and various other factors, wildfire events are increasing (CSR Report, 2021). Wildfire is defined 
as an unplanned fire caused by humans, including runaway prescribed burns and lightning-
caused fires (CRS Report, 2021).  Over the last 100 years, humans have practiced fire 
suppression in and around settlement areas (Calkin et al., 2005).  Calkin et al. (2005) analyzed 
and summarized data from the United States Forest Service (USFA) kept from 1970-2002 
relating to emergency response and wildfire suppression across the United States.  The team 
found that between 1970-2002, the USFA had suppressed approximately 98% of fire events in 
the United States. The number of large fires burning each year was found to have increased in 
those years, along with the burned area's size (Calkin et al., 2005). Chronic fire suppression has 
resulted in unnaturally dense forests where trees fight for water and light resources (Allen et 
al., 2010).  Increased forest density has led to pathogen increase and sicker trees, especially 







Figure 7. Top five fire years with the most burned acres (in millions) since 1960 in the United States (CRS Report, 2021). Original 
data sourced from National Interagency Fire Center (NIFC). 
 
The suppression of fire prevents routine burns that clean up the forest floor. Brush, 
vegetation, and sick trees must be cleared by hand or remain on the forest floor adding fuel to 
burns, especially after rainy seasons spur growth (Calkin et al., 2005). Trees and vegetation that 
depend on fire, such as Chapparal shrubland, coastal redwoods, and giant sequoias, suffer from 
pathogens, drought and can no longer withstand hotter fires (Borunda, 2021; Syphard et al., 
2007).  Fire suppression has led to increased wildfires, even as control burns and the role of fire 
are reconsidered.  Long-term fire suppression means that humans must continue to manually 
perform the work that fire naturally would. Limited capacity to do that work coupled with 
failing infrastructure results in fires from unmaintained wild spaces near power lines and other 
electrical equipment (Reyes-Velarde, 2019).   
 According to the Congressional Research Service (2021)  the number of fires tends to 
vary year to year, but the average amount of annual acres burned has doubled between 1990 
(3.3 million) and the year 2000 (7.1 million acres). Since 1960, the top five years have occurred 
within the last 15 years, with the most acres burned in 2006, 2007, 2015, 2017, and 2020 
(Figure 7).    Though there may be years of lower wildfire incidents, wildfires overall are larger 
and burn more acres (Figure 8).  Wildfires have increased since the 1980s and the 1990s, with 
the most acres burned within the last twenty years (CRS Report, 2021). Increased annual 
acreage burned to correlate with rising temperatures, with the last seven years have been the 
hottest years on record (Brown, 2021). Climate trends show that as warming increases so does 






Figure 8. Annual wildfire totals (in thousands) and acres burned (in millions) for years 1991-2020 in the United States (CRS 
Report, 2021). Original data sourced from National Interagency Fire Center (NIFC). 
 
Climate Change and Wildfire  
 
Climate change is affecting wildfire in a few significant ways. According to a 2020 report 
published by SciLine, temperature increases reduce precipitation patterns and extend wildfires 
season.  Altered precipitation prolongs drought leading to increased wildfire incidents. Native 
tree species suffer as temperatures increase, allowing invasive species and pathogens to attack 
trees in poor health.  Sick and dead trees act as fuel and allow wildfires to burn more easily 
(SciLine, 2020).  Lightning is increasing as the climate warms, setting the stage for more lighting-
caused fires, peaking in the summer due to dry conditions. Lightning-caused fires are less 
frequent than human-caused fires, but burn more acreage and are more challenging to put out. 
Lighting-fires often take place in deeper wildland spaces that firefighters cannot access. 
Lightning-caused fires burn wild spaces and fire suppression may not be necessary, but these 
fires still contribute to overall air quality pollution and may spread to areas where humans live 
(SciLine, 2020).   
Increased tree mortality and forest die-offs can be traced to climate events.  In a review 
of 88 cases of forest-mortality events between 1985-2000, Allen et al. (2010) found that 
massive tree die-offs occurred between 1985-2010 in Asia, Europe, the Americas, Canada, and 
Australia. These forest mortality events are linked to climate-related drought and temperature 




conifer and Mediterranean woodlands. Tree mortality due to drought and its mechanisms are 
still not well understood making prevention and risk assessment difficult. 
Forest mortality is complicated by location, tree type, and other factors such as plant 
pathogens, tree density, pest outbreaks, and precipitation. Allen et al. (2010) conclude that 
drought may act as a tipping point for some forests, which normally could withstand drought 
and temperature increases but currently face other stressors. Tree mortality is complicated, 
appearing to randomly kill select trees in a stand or killing trees years after the initial drought 
event. As forests die, trees shift from carbon sinks to carbon sources, perpetuating climate 
change as they release carbon previously sequestered.  The team suggests a global tracking 
system for tree mortality events to determine those areas of global risk and allow for better 
management.  
Human expansion and interference are the main reason for the increase in wildfires, 
extended fire seasons, and poor forest health over the last century (SciLine, 2020).  Humans are 
responsible for causing 84% of all wildfires over the last two decades and tripling the length of 
fire season (Balch et al., 2017). The wildland-urban interface (WUI), areas where human 
settlement abuts wildlands, currently represents 9% of overall land use. The WUI is expected to 
double in size by 2030 and lead to an increase in human-caused fires (Balch et al., 2017; 
Radeloff et al., 2005).  Human expansion into the wildland-urban interface means that areas 
previously allowed to burn now require firefighters to engage in more fire suppression (SciLine, 
2020).  As human populations expand into wildlands, fire suppression is extended to those 
areas and wildfires incidents increase.  
The state of California has seen a rapid increase in wildfire as it simultaneously 
experiences a prolonged drought and may act as a preview for future patterns of wildfire 
around North America. An analysis of fire records from the California Department of Forestry 
and Fire Protection (CDF) to which the CDF responded between 1931-2004 found that fire 
levels in California increased with human settlement to a point, after which human density and 
fire increase level off (Syphard et al., 2007).  In California, the highest levels of human-caused 
fires occurred in WUI intermix areas, consisting of low-to-medium human development and 




lower fire statistics (Syphard et al., 2007).  Syphard et al. (2007) recommend reducing 
settlement in the wildland-urban interface to reduce fire incidents. This may seem obvious, but 
because California suffers from a housing crisis, the solution is not that simple.  A mass exodus 
of California families and companies ensures that these patterns are not unique to a single state 
(Dougherty, 2021). Human expansion into the wildland-urban interface will increase wildfire 
incidents across North America especially as climate change makes weather events more 
erratic.  
Deer Mice in Burned Areas 
As a generalist species, deer mice populations typically respond positively to fire and 
treat burned areas as ideal habitat (Amacher et al., 2008).  Deer mice increase rapidly after 
wildfires across multiple vegetation types, including coastal sage scrub, chaparral, grassland, 
and woodland in San Diego, California (Brehme et al., 2011). Comparisons between unburned 
and burned Coniferous and mixed forests have found deer mice populations in burned forests 
to be two, five, six, and ten times larger than in nearby unburned areas (Table 1) (Krefting and 
Ahlgren, 1974, Zwolak et al., 2010, Zwolak et al., 2013).  The rise in deer mice populations in 
burned areas resemble the rise of deer mice populations during Sin Nombre hantavirus 
outbreaks (Table 1). During the Sin Nombre Outbreak of 1993, deer mice populations were 
found to be 10 times higher than normal. Deer mice populations were four times the normal 
size during the Yosemite National Park Outbreak of 2012. Burned areas should be considered 
hotspots for human HCPS risk because they have been found to contain comparable numbers 












Table 1. Comparisons between changes in abundance of normal populations and after disturbance including the Sin Nombre 
Hantavirus Outbreak of 1993, Yosemite National Park Outbreak of 2012 and wildfire events. 
 
 
Burned sites have been shown to contain reduced biodiversity and be dominated by a 
few generalist species  (Brehme et al., 2011). A decrease in biodiversity after fires followed by 
an influx of one or two generalist species equipped to thrive is not uncommon.  After a severe 
wildfire in Sweden in 2006, (Ecke et al., 2019) documented that biodiversity had been 
eliminated. The area was entirely occupied by the bank vole (Myodes glareolus), host of the 
Puumala hantavirus, which is pathogenic to humans. This led researchers to warn of increased 
pathogen risk to humans in these areas due to increased bank vole presence for the first year 
after a burn. In North America, the generalist deer mouse is often the main species dominating 
a burned site as these areas contain less competition for food resources and a decrease in 
biodiversity (Beck and Vogl, 1972). 
In areas of repeated burns, this pattern continues.  Beck and Vogl, (1972) found that 
testing burned sites that had experienced four or more repeated fires were dominated by deer 
mice, which represented 81% of the species caught during trapping events.  These findings led 
researchers to warn that while burned areas may look empty, they are full of life and 
precautions should be taken.  
The length of time that deer mice maintain dominance in burned areas of North 
America is not clearly defined.  Krefting and Ahlgren (1974) found deer mice populations to be 
ten times higher in burned areas of Coniferous mixed forest after a wildfire when compared to 




they slowly declined with the increase in red-backed voles.  A review of land disturbance 
studies found that deer mice populations were significantly higher after treatments involving 
fire (such as wildfire and clearcutting and fire) in Coniferous and mixed forest but dwindled 
after 10-12 years  (Zwolak, 2009). 
Though deer mice express fire-positive responses to burned areas, the mechanism that 
makes burned areas attractive is not well understood, and several factors may be at play.  A 
ten-year study of low and moderate fire sites in Yosemite National Park (Roberts et al., 2015) 
found that while deer mice were the most abundant species trapped, higher numbers were 
found in unburned areas is contrary to typical findings  (Zwolak, 2009).  Roberts et al. (2015) 
speculate that deer mice may be more attracted to high severity fire and repeated burns and 
less attracted to low and moderate fires.  This theory is supported by Kyle and Block (2000), 
who found that deer mice made up 99% of the species captured in wildfire areas after a severe 
burn, and 80% of the species captured a moderately severe burn.  Areas of low severity fire 
held the same number of deer mice as the control (unburned) area.  Severe burns, moderate-
severe burns, and/or repeated burns may be preferred territory for deer mice and allow for 
rapid population increases compared with low severity fire, which exhibits lesser species 
response.  More data to this specific point is necessary to understand these dynamics fully.  
 
Testing the Mechanism for Deer Mice Increases in Burned Areas 
The increase of deer mice at burned sites has been substantially noted, but the 
mechanism for increase is not well-understood  (Zwolak et al., 2012). Theories for the success 
of deer mice at burned sites include source-sink dynamics, reduced predation, better foraging 
opportunities due to reduced leaf litter after burns (open-microhabitats), and increased food 
(seed and insects) after burns  (Zwolak et al., 2008).  High severity fires (or stand-replacement 
fires)  kill trees while burning through leaf litter and topsoil layers of the forest floor (Kyle and 
Block, 2000; Zwolak et al., 2013).  Deer mice may use these simplified ecosystems to access 
seed banks and insects (Zwolak et al., 2012). An increase in rodent populations correlates with 




mechanisms which increase generalist populations that host human pathogens like deer mice 
populations is crucial for preventing future outbreaks  (Han et al., 2015).   
 
Source-Sink Dynamics 
The Source-Sink Dynamics's hypothesis states that unburned areas offer ideal habitat 
and act as sources for deer mice populations. Burned areas act as sinks, inhabited by deer mice 
due to overflow due to population increase in unburned areas  (Zwolak et al., 2008).  Unburned 
areas contain food resources enjoyed by mice such as insects, berries, seeds, and plant life such 
as shrubs and ground cover to protect small mammals from predators.  Burned areas contain 
very little ground cover or protection from predators and minimal food resources.  Most small 
mammal populations do not return to burned areas after high severity fire or repeated burns 
until the resources they need (plant life, food, berries, protective shrub cover) return.  Source-
sink dynamics argues that when deer mice numbers are too large in unburned areas, they seek 
shelter in burned areas.  Although the hypothesis of source-sink dynamics has been offered in 
previous studies, supportive testing of this hypothesis had not been attempted.  
To test whether burned areas were ideal or non-ideal habitats for deer mice, Zwolak et 
al. (2008) trapped at three sites, one unburned area, and two burned areas in Western 
Montana, in the late summer of 2004 and 2005.  A high-severity fire due to a lightning strike 
burned western larch areas (Larix occidentalis) and Douglas-Fir (Pseudotsuga menziensii).  In 
initial trappings in June 2004, low numbers of deer mice were recorded at the three test sites, 
but deer mice populations in burned areas rapidly increased. By August 2004, 32 deer mice 
were captured in unburned areas, while 209 were captured in burned areas. In 2005, eight deer 
mice were captured in unburned areas and 94 in burned areas.  In both years, the average 
mean density of deer mice in burned areas was 4.5 times higher than in unburned areas, 








Figure 9. Mean density fluctuations of deer mice in 2004 and 2005 in unburned (broken line) vs. burned (unbroken line) (Zwolak 
et al., 2008). 
 
Deer mice health in burned forests was better overall than in unburned forests.  Burned 
areas contained larger proportions of mice who were sexually reproducing (identified by 
distended testes in males and distended stomach/visible nipples in females), and reproductive 
activity was found to be higher in burned areas.  Differences in body mass in burned vs. 
unburned areas were found to be not significant.   
Zwolak et al. (2008) found that source sink dynamics was not the reason why deer mice 
were living in such high numbers at burned sites.  Burned areas were ideal habitats as they had 
markedly higher populations of deer mice than unburned habitat. Deer mice in burned areas 
were more likely to be sexually reproducing, indicating good health. When trapping numbers 
were low, deer mice were caught only in the burned areas rather than the unburned areas. 
Trapping in early May found deer mice in burned areas while snow was still on the ground 
indicating that the area provides resources allowing for overwintering.  Although deer mice are 
healthier and able to reproduce rapidly in burned areas the reason is unclear.  Zwolak et al. 
(2008) speculate that increased food resources due to fire, reduction of predation, or higher 
foraging success due to lack of leaf litter on the forest floor may be the mechanism by which 





Increased Food Sources, Higher Foraging Success, and Reduced Predation  
Zwolak et al. (2012) tested several hypotheses at once to determine the mechanism for 
deer mice increase in burned forest after source-sink dynamics was ruled out in their previous 
study (Zwolak et al., 2008).  Testing the hypotheses of source-sink dynamics, reduced predation 
increased food, and better foraging had not been previously tested. The study was conducted 
in the central Montana forest of western larch (Larix occidentalis), ponderosa pine (Pinus 
ponderosa), and Douglas-fir (Pseudotsuga menziesii) after a severe, stand-replacement wildfire 
at six sites (3 burned, 3 unburned).  Trapping occurred during the summer of 2006-2007, June 
through August.   
Zwolak et al. (2012) considered the proportion of reproductively active females and 
males in burned areas vs. unburned areas.  Reproductive health of deer mice at both sites was 
determined by signs of females with visible pregnancy or lactation (distended stomach, visible 
nipples) and males with descended testes.  Deer mice can have between 3-4 liters in a season, 
and deer mice in better health are more likely to reproduce  (Van Hook, 2018) Sexually 
reproductive deer mice were found in higher numbers in burned areas than in unburned areas, 
which accounts for their rapid population increases.  The reproductive status of deer mice in 
burned areas was found to increase in both males and females (Figure 10). 56% of males in 
burned areas were actively reproducing compared to 36% at unburned sites.  In females, 67% 
were found to be reproductively active compared to 39% in unburned sites.  The estimated 
survival rates of deer mice in burned sites compared with unburned sites were determined 
using the program MARK and found not significantly different.  Body mass was not found to be 
significantly different between sites. Deer mice are not living longer in burned areas vs. 
unburned areas, according to this data, but they are more likely to be actively reproducing, 









Figure 10). Reproductive activity and survival probability of deer mice (a) survival probability captured using the MARK program 
(b) reproductively active males (c) reproductively active females (Zwolak et al., 2012). 
 
Zwolak et al. (2012) hypothesize that burned sites have increased food favored by deer 
mice (seeds and insects) after burns occur.  This increase in food could account for the robust 
health and rapid reproduction rates found in burned forests.  To measure for increased seeds 
and arthropods, soil samples were taken, and it was found that burned forests had 0.04+- 0.02 
seeds per sample while the unburned forests had 2.03 +- 0.18 seeds. The number of 




sites, and Arachnida was found to be more abundant in unburned areas.  The theory that 
burned sites hold more seeds and insects was not supported by this study, and it was found 
that the opposite was true; unburned areas held more seeds and insects.  Sampling was held 
for a short period of time (summer only), and it is possible that seed fluctuation throughout the 
year may be different.   
To test whether deer mice in burned forests have better foraging success, Zwolak et al. 
(2012) set out seed trays with local seeds, including Douglas-fir and Ponderosa Pine were each 
evening and their contents tallied in the morning. Scat droppings allowed Zwolak and team to 
determine if mice had been in the area or if other animals had eaten from the tray. Deer mice 
in the burned areas had higher rates of foraging from trays than deer mice in unburned areas, 
showing a preference for ponderosa pine over Douglas-fir seeds.  Zwolak et al. (2012) 
concluded that better foraging occurs in burned areas despite the reduced availability of seeds 
and insects determined by soil samples.  The increased foraging behaviors may result from 
reduced predator stress or reduced leaf litter on the forest floor (or some combination of both). 
Increased foraging behavior may be the mechanism by which deer mice in burned areas thrive; 
however, this behavior's source was not determined. Zwolak et al. (2012) hypothesized that 
reduced parasite loads (fleas, ticks, and nematodes) might be the catalyst.  
 
Reduced Ectoparasite and Endoparasite Loads 
Deer mice populations are higher in burned areas, but their ability to increase is not fully 
understood.   Other studies previously tested theories of source-sink dynamics, increased food 
resources, and lower predation but found no support (Zwolak et al., 2008, Zwolak et al., 2012).  
Deer mice in burned areas had demonstrated increased foraging success in burned forests 
despite data showing lower seed and insect availability, leading Zwolak et al. (2013) to question 
the mechanism behind this behavior. Increased foraging could lead to better health in burned 
areas and result in the rapid population growth demonstrated after fires.  
Increased parasite loads have been shown to affect small mammal behavior. Raveh 
et al. (2011) showed that increased flea loads distracted gerbils from normal foraging 




burdened with heavy flea loads were found to reduce the foraging and give up food to 
respond to the distraction of biting fleas.  If deer mice are found in burned areas with 
reduced parasitic loads, this could account for their ability to forage in burned areas 
successfully and their rapid population increases.  
Zwolak et al. (2013) tested parasitic loads on mice trapped in 2 unburned sites and 5 
burned sites after an escaped prescribed fire in west-central Montana.  In support of previous 
data, six times more deer mice were found in burned areas than unburned areas (Zwolak et al., 
2008; Zwolak et al., 2012). Deer mice were captured, anesthetized and their fur was inspected 
for ectoparasites, specifically fleas, ticks, and lice. Internal organs were inspected for 
endoparasites, specifically nematode and cestode species. Lice were less affected by fire in this 
study than fleas and ticks, which were reduced in burned areas (Table 2). Flea levels were 
reduced by 70% in mice found in burned areas, dramatically lower than those in unburned 
areas. Fleas spend their life cycles on and off their hosts but lay their eggs in the burrow or nest  
(Krasnov et al. 2002). A fire could destroy future offspring of fleas if the burrow were shallow. 
However, lice spend most of their lives attached to the small mammal host and fire would not 
kill the offspring at the rate that it would for fleas (Krasnov et al., 2002). Zwolak et al. (2013) 
found   that flea and tick vectors can be reduced by fire, but lice have less of a response.  
Endoparasites were not dramatically lower in burned areas (Table 2). Cestodes were 
found in an average abundance of 0.001 percent lower in burned areas, and nematodes were 
reduced by 0.003 percent in burned areas vs. unburned areas. Endoparasites were not affected 
enough by fire in this study to account for better health in burned areas for the deer mice 
population. Ectoparasites, including lice and fleas, were dramatically lower and, in other 
studies, have been shown to affect their hosts' health.  Deer mice with lower parasitic levels are 
not distracted by the biting of fleas and ticks, combined with better foraging abilities and open 








Table 2. The average sum of ectoparasites and endoparasites from deer mice. Parentheses represent 95% confidence intervals 
(Zwolak et al., 2013). 
 
 
Forest Management Approaches to Deer Mice Increase 
Data across many habitats show that deer mice can stifle or eliminate forest regrowth, 
especially after fires. Cote et al. (2003) found that rapid increases in deer mice populations 
were linked to increased seed predation in burned Canadian boreal forest areas, especially in 
winter. This led his team to conclude that this connection may explain why human attempts at 
reseeding the boreal forest after burns in Canada have failed. Deer mice populations have been 
found to increase and reduce seed germination in burned areas of grasslands and old fields  
(Sullivan and Sullivan, 1984) 
After burning events, the influx of deer mice prevents trees' regrowth and presents 
challenges to forest management in commercial stands and National Parks  (Sullivan 1979, 
Sullivan 1978).  Sullivan (1978) explains that the voracious appetite of deer mice after fires is a 
well-known issue for forest management calling the deer mouse “the most important seed 
predator in the Pacific Northwest.” Reseeding after burn events results in an onslaught of deer 
mice and prevents the regrowth of trees for 1-2 years  (Zwolak, 2009). Forest management uses 
control methods such as applying toxicant (pesticide) materials to seeds and baiting deer mice 
with poison. Sullivan (1978) stresses that poison baiting is effective only for short time periods, 
clearing an area of deer mice and leading to increased immigration of deer mice from nearby 
areas.  Poison and pesticide applications can have dangerous effects on the food chain's upper 
levels, on the water table, and the effects on reductions of deer mice populations are not long-
lasting.  To quantify their appetites, trapping and testing efforts of deer mice populations in the 
University of British Columbia Research Forest in Maple Ridge, British Columbia, Sullivan (1978) 




Sullivan (1979) further explored the idea that poison baiting of deer mice by forest 
management two weeks before reseeding an area helps conifer-seed establishment. In the 
University of British Columbia Research Forest in Maple Ridge, British Columbia, Sullivan (1979) 
cleared a grided area of deer mice using trapping (to stimulate poison baiting) and then seeded 
the area. Live trapping weeks before included tagging of deer mice in local grids so that 
different populations were distinguished. Sullivan (1979) found that deer mice from local grids 
rapidly colonized the previously emptied area and were responsible for 92-95% of all conifer 
seed elimination in less than a week of seeding.  In the areas where deer mice were removed to 
simulate poison baiting, the grid was rapidly colonized by other species and deer mice, leading 
to four times the amount of Oregon vole and Shrew and eight times the number of Red-Backed 
voles compared to control areas. Sullivan concluded that poisoning before seeding does not 
help the conifer-seed establishment. Deer mice populations rebound quickly enough to 
eliminate forest regrowth for the first one to two years after seeding.  While deer mice 
populations can be reduced due to continuous trapping in an area, the rapid availability of food 
(such as seeding events) brings an influx of colonizers from nearby deer mice populations and 
other small rodent species, voles, and shrews.  Anthropogenic control of deer mice populations 
using poison baiting in burned areas has been largely unsuccessful and may harm the 
surrounding ecosystem and predators in the food chain.  
 
Link to Climate Change  
Understanding the mechanism by which deer mice can increase inside burned forests is 
important for many reasons. First, forest regeneration can be delayed between 2-10 years due 
to deer mice population’s appetite for seeds in burned areas   (Zwolak 2009; Sullivan, 1979)  As 
climate change continues and forest fires increase, forested areas' ability to regrow on a 
warming planet is vital for carbon capture and ecosystem regeneration.  If reduced flea loads 
are the mechanism allowing better foraging success and rapid population increases of deer 
mice populations in burned areas, the time it takes for fleas to repopulate after fire may 




Seed predation by small mammals, particularly the deer mouse in North America, after 
burns compromises forest reestablishment. Severe and/or repeated burns may change the 
landscape of areas forests currently occupy. Attempts at natural reseeding in Conifer forests in 
British Columbia have failed and have led forest managers to plant nursery-grown seedlings 
instead (Huggard & Arsenault, 2009). Seed predation in forested areas of British Columbia 
displays little or no regrowth even after 10 years, highlighting a challenge in forest 
management to create long-term and sustainable timber sources (Huggard & Arsenault, 2009).   
 The regrowth of burned areas after wildfires will be further complicated by increasing 
temperatures due to climate change in North America. Using 52 climate scenarios testing for 
effects of warming between <2C, 2-3C, and >3 C, Scholze et al. (2006) were able to determine 
the possible effects of climate change on current ecosystems and wildfire frequency.  At >3C of 
warming, many regions, including Australia, southern Africa, Asia, South America, western and 
southeastern United States, are likely to increase fire due to increased biomass.  The boreal 
region of eastern Canada is also at risk for general increases in fire.  In Amazonia, Eurasia, and 
Canada, the risk of forest loss is >40% for >3C.   
Forest fire is not the only risk, as increased warming is highly likely to cause ecosystem 
shifts from one biome to another, even at low-temperature increases (Scholze et al., 2006).   A 
shift from non-forest biome to forested biome (or the other way around) is>43% likely for <2C, 
75% for 2-3C, and 88% for >3C.  Changes involving the shift from one forest type to another will 
occur more broadly (>10% land cover) beginning at <2 C and will be more subtle than entire 
biome shifts.  However, even minimal shifts from one forest type to another, such as a Conifer 
forest to an Oak forest, will affect a forested area's biodiversity and eradicate species that 
previously thrived in the original forest biome.  Scholze et al. (2006) found that the level of 
warming has been shown to directly correlate with these biome shifts and patterns of increased 
warming. At >3C, the Arctic tundra is at risk for forest encroachment, while the global source of 
biodiversity in Amazonia will experience forest die-off, wildfires, and drought.  Wildfires 
combined with climate change could biodiversity.  Natural selection for generalist species like 




burning of prairie grasslands has been shown to increase deer mice populations (Clark et al., 
1989).   
As fires increase, changes across ecosystems are already occurring. In San Diego, areas 
of native chaparral stand that experienced frequent and repeated burns every 5-10 years 
naturally transitioned to areas of coastal sage scrub and invasive grasses (Lippitt et al. 2012).  
California Native plants like chaparral require longer periods of recovery after fire, and 
increased fires result in coastal scrub encroachment (Lippit et al.,2012). 
Ecosystems faced with stressors such as water instability, drought, and high heat are 
further stressed by seed predators. Areas that experience the dual challenge of increased 
wildfires and hotter overall temperatures may cease to regrow or slowly transition to another 
biome.  As a result, larger land areas may sustain increased populations of deer mice, and 
humans who move within, near, or surrounded by burned areas need to be aware of this.  
Larger wildfire burns will cause human occupied areas to overlap with patches of severe or 
repeated burns. Education and awareness of the possibility of increased rodent presence for 
several years should be considered within areas of biome shift and burned areas.  
 
Wildfire and the Link to Vector-borne Illness 
Fire minimizes the presence of vectors that live on deer mice such as ticks and fleas and 
controls for vector-borne illness (Scasta, 2015). A severe wildfire could increase deer mice in 
the area and increase the human pathogen spread of rodent-borne illnesses like hantavirus.  
However, if flea and tick loads are reduced in deer mice in those burned areas, there would be 
less worry for the vector-borne pathogens that affect humans like (Yersinia pestis) plague or 
Lyme disease. Plague dynamics between vector and host are affected by warmer weather, and 
climate change is predicted to increase human plague incidents (Stenseth et al., 2006). A better 
understanding of vector-host dynamics influenced by wildfire is crucial for disease prevention, 
especially climate change.  
A review of 24 studies(Scasta 2015) found that fire can reduce vector populations, 
including chiggers, lice, ticks, mites, fleas, mosquitos, and flies (to name a few), and has been 




(2015) argues that fire suppression over the last 100 years is a form of anthropogenic land-use 
leading to increased disease exposure.  Scasta (2015) suggests that fire ecology and disease 
ecology work together to understand the larger picture.  
Fire as an environmental management tool has cascading effects on small mammal 
populations that are not well understood  (Côté et al., 2003; Roberts et al., 2015).  Predictions 
as to the effects of fire on vector-borne and rodent-borne illness, deer mice populations, and 
forest reestablishment are complicated.  The only studies currently available that test possible 
mechanisms for increased deer mice in forests are presented by Zwolak et al., which run one to 
two years each and are set in Montana. Longer studies in various locations are needed to fully 
determine what mechanism is driving deer mice to thrive in burned areas and begin to 
understand larger dynamics. There are also fewer but recorded instances of deer mice not 
responding to burns in low and moderate fires. Understanding why responses differ after a fire, 
whether it has to do with severity or not, is also key to understanding future pathogen 
dynamics.  
Sullivan (1979) shows that forest management techniques such as poison baiting and 
pesticide are futile in removing deer mice from burned areas before seeding events. These 
techniques lead to an influx of deer mice from surrounding areas and increase populations in 
previously emptied areas.  In this study, removing deer mice from a forest for reseeding 
resulted in a domino effect in the ecosystem, leading to an increase in four to eight times the 
number of voles and shrews than found in control areas. To manage forests, attempts to 
control, and remove deer mice populations create ripple effects that are ecosystem specific and 
cannot be predicted.  Deer mice are an important and valuable species that provide many 
ecosystem services, supporting endangered and at-risk creatures and habitats.  It is better to 
try to understand their mechanism for population increase rather than eliminate or harm them.   
An influx of deer mice to a burned area inhabited by humans would present a challenge 
for rodent control. Burning land is effective in controlling vector-borne illness caused by ticks 
and mosquitos, to name a few (Scasta, 2015). Fire cannot be utilized to get rid of deer mice and 
fire could be the catalyst for their increase. Once the burned area contains a rapidly growing 




the deer mouse populations in nearby areas, continuous trapping and poisoning after fire could 
increase immigration of deer mice to the area. Administering poisoning and pesticides damage 
the larger ecosystem and kill the predators that humans depend on to control mouse 
populations.  Deer mice thrive in areas of high severity burns and areas that burn multiple times 
so that their cycle of domination could repeat year after year. Biodiversity is an essential part of 
deer mice population decline and stabilization, occurring five to seven years after fire as burned 
areas regrow (Krefting and Ahlgren, 1974).  Without a resurgence in biodiversity, generalist 
species like the deer mouse could dominate based on their access to food and weather events.   
 
Land Use Disruptions and Hantavirus Risk  
Global Hotspots and Risk 
 As human populations increase, so does anthropogenic land use.  Types of 
anthropogenic land use include agriculture, structure building, and urbanization. The division of 
wild spaces into smaller fragments breaks up natural populations, reduces biodiversity and 
selects for generalist species who naturally harbor more disease. Anthropogenic land use and 
fragmentation is already associated with higher levels of risk for rodent-borne illness (Hans et 
al., 2016). 
To determine future pathogenic hotspots, Hans et al. (2016) analyzed and mapped the 
current geological distribution of zoonotic disease from 27 mammal orders.  This data was 
confirmed by the GIDEON database and the International Union of the Conservation of Nature. 
65% of disease is zoonotic and understanding where high levels of zoonotic reservoir species 
occur can assist with future disease patterns (Quammen, 2012).  Han et al. (2016) found that 
human pathogenic risk was affected by several internal factors such as (behavior) and external 
factors (such as land disturbance), which combine to create disease risk. Areas where human 
pathogen risk is currently low may soon be affected by external factors (climate warming, land 
disturbance, urbanization) increasing pathogen risk potential.  An area that may have a small 
amount of known zoonotic mammal reservoirs that experiences disturbance could disrupt 






Figure 11. As total species richness increases so does the number of zoonotic hosts. Unique zoonoses are tallied above and 
zoonotic hosts are displayed in descending order of species richness. Total species hosts are displayed in black; grey represents 
the fraction of species that hosts one or more zoonotic disease (modified from Hans et al., 2016).  
 
Hans et al. (2016) discovered that the rodent order carries the greatest number of 
zoonoses, has the greatest number of zoonotic hosts with the most species richness (Figure 11).  
Rodents carry 85 zoonotic diseases, and 10.7% of rodents act as zoonotic hosts. Bats 
(Chiroptera) were found to host one-third of the zoonotic pathogens than rodents and were 
half as abundant (108/1110 or 9.8% of bats host a zoonotic disease).  Areas containing the most 
rodent host species were North America, Europe, and Brazil, followed by Russia and Europe 
(Figure 12).  By far, the rodent order was found to have the highest abundance levels. 




increasing human pathogen risk in areas of high rodent populations. In their previous study, 
Hans et al. (2015) noted that great diversity of zoonotic hosts and pathogens are found in low 
mammal biodiversity areas.  This current study maps high species richness and zoonotic hosts 
(Hans et al., 2016).  To understand future pathogen risk to humans, it is important to consider 
areas of high species diversity and zoonotic pathogen hosts and areas where overall mammal 
biodiversity is decreased (Hans et al., 2015). Future anthropogenic risk may be a combination of 
high levels of rodent species and a decrease in overall mammal biodiversity, in which rodent 




Figure 12. Zoonotic host distribution from different clades leads to a variety of global hotspots for Carnivora (carnivores), 
Chiroptera (bats), primates, Rodentia (rodents), Soricomorpha (moles and shrews) and Ungulates (hoofed mammals) (Hans et 
al., 2016).  
 
Several factors are unaccounted for in this study. Hans et al. (2016) displays current 
understandings of zoonotic disease by mapping and analyzing that data, concluding that 
rodents present a substantial risk to future human pathogen exposure.  Human factors, such as 




current understanding of zoonotic pathogens with data skewed in the direction of best-studied 
species and pathogens. Current data may neglect certain areas of the world in which poverty 
and lack of infrastructure result in less ongoing research. Hans et al. (2016) found that 
Southeast Asia and Africa had similar species richness patterns in the order of bats (Chiroptera). 
However, Africa had lower levels of host species despite being a larger country.  Hans et al. 
(2016) argue that the continent is understudied and there is a lack of data in zoonotic disease 
carried by bats in Africa. Understanding of bats as reservoirs is limited, with one of the first 
papers written on the topic published in 2006 (Calisher et al., 2006).  As more data is gathered 
about the pathogen-host capabilities of bats and terrestrial mammals, we can better predict 
disease patterns and hotspots.  
 
The Dilution Effect 
One of the main effects of anthropogenic land disturbance is the Dilution Effect, an 
important mechanism for Sin Nombre hantavirus spread and increased human risk (Dizney and 
Ruedas 2009).  The Dilution Effect is the theory that a reduction in biodiversity leads to an 
increase in disease because encounters among pathogen hosts increase.  In high biodiversity 
areas, encounters are rarely between hosts. They are more likely to be with different species 
who cannot spread disease, leading to lower pathogen prevalence in a single area. Lyme 
disease, a pathogen associated with the white-footed mouse (Peromyscus leucopus), is highly 
affected by the dilution effect as land fragmentation and urbanization increase pathogen hosts 
(Allan et al., 2003).  Vadell et al. (2018) argue that there is limited support for the dilution effect 
in their review of 85 field studies of New World hantaviruses across the Americas. However, 
Vadell et al. (2018) state that an increase in host species does increase hantavirus 
seroprevalence overall.   This study has cited many limiting factors, including difficulty with 
comparisons across host species, varying definitions of biodiversity, and an absence of long-
term studies to draw from. Guo et al. (2018) found strong evidence for the dilution effect 
across many studies and pathogens including Lyme disease and West Nile virus.   
To test whether the dilution effect applies to the spread of Sin Nombre hantavirus, 




including Forest Park, Tyron Creek State Park, Powell Butte Portland City Park, Oxbow Metro 
Regional Park, and Tualatin River National Wildlife Refuge. Trapping occurred over a three-year 
period, and each park was trapped every eight weeks, October 2002-September 2005. Blood 
and tissue samples were taken from each specimen, and deer mice density was calculated using 
the Distance program. A total of 5,057 individual specimens were caught, and deer mice 
represented 62% of the total and were shown to dominate all sites (Table 3).  
 
 
Table 3. Total captures of small mammals between October 2002-September 2005 across five parks in Oregon. Deer mice are 




Dizney and Ruedas (2009) found that a loss of biodiversity resulted in an increased 
infection rate at Site 1 (Forest Park, Portland, Oregon). Lower levels of biodiversity were found 
to lead to the rapid exponential increase of hantavirus seroprevalence. Although deer mice 
fluctuated in density over time, only Site 1 saw increases in density and seroprevalence, leading 
the team to conclude that other factors such as increased encounter rates (mating, grooming, 
territorial behavior) or reduced predation may be at occurring in this area.  A similar finding by 
Zwolak et al. (2012) determined that burned areas suffered from a decrease in predation, which 
allowed deer mice to rapidly increase, although it was unclear why.  Ostfeld and Holt (2004) 
determined that predators control rodent and small mammal populations (a trophic cascade- in 
which removal of top predators affects mammals lower in the food chain). However, the effects 




For instance, the rapid increase of deer mice is usually accompanied by much younger and 
juvenile mice protected by antibodies to HCPS by their mothers, thus leading to a delayed 
increase in hantavirus prevalence in a population (Harper and Meyer, 1999).   
Predation cannot be depended on, by humans, in times of high rodent abundance to 
stabilize ecosystems especially as anthropogenic land disturbance, mass extinction, and wildfire 
put pressure on and eliminate top predators (Kolbert, 2014; Ostfeld and Holt, 2004). Predator 
reactions to increases in rodent populations may be delayed by one to two years or fail to 
materialize (Ostfeld and Holt, 2004).  Predation as a means of rodent control is a valuable 
resource that is poorly understood (Ostfeld and Holt, 2004).  Nearly every kind of 
anthropogenic land disturbance, including land fragmentation, agriculture, urbanization, and 
most recently, increased wildfire, have been shown to reduce biodiversity and select for 
generalist species, continually testing the dilution effect theory  (Gottdenker et al., 2014; 
Zwolak et al., 2010)  A reduction in large predators could support deer mice population and Sin 
Nombre hantavirus increases in North America.  
 
Anthropogenic Land Use and Hantavirus Seropositivity 
Human Buildings and Hantavirus 
When deer mice populations rapidly increase, they colonize local areas shared by 
rodents and humans (Van Hook, 2018).  Deer mice have bold personalities and prefer human 
spaces which provide warmth, food, and nesting materials (Harper and Meyer, 1999).  As 
humans add structures to a landscape, we are altering disease dynamics for hantavirus. 
Anthropogenic land-fragmentation and structure building create two population types of deer 
mice, sylvan (trapped in wild spaces) and peridomestic (trapped in areas shared with humans 
such as barns, sheds, and outbuildings).  Human risk because of exposure to peridomestic 
populations of deer mice has been under investigation since the initial 1993 Sin Nombre 
hantavirus outbreak.  In these studies, researchers continue to find that humans increase their 




In the first study of disease dynamics between peridomestic and sylvan populations, 
Kuenzi et al. (2001) trapped deer mice and took blood samples at three different cattle ranches 
in Montana that all contained homes, yards, driveways, garages, sheds, and barns. Most 
captures occurred during outdoor trapping (44%), while buildings with daily use led to 23% 
captures, and buildings not used daily accounted for 17% of captures.  Deer mice were found to 
make up most of the captures, and seropositivity rates were between 19-28% among the sites. 
Highest seropositivity levels were found in older male deer mice with noticeable scarring 
(linked to increased interactions with other mice). Peridomestic populations were found to 
have higher seropositivity rates than populations in sylvan areas, and three hypotheses were 
put forward: (1) The fragmented habitat and small range of peridomestic spaces increase deer 
mice interactions (2) reduced ventilation allows for aerosolized Sin Nombre virus to last longer 
(3) reduced UV light in peridomestic spaces allows for aerosolized virus to remain active for 
longer periods of time.  This study supported earlier findings from Kuenzi et al. (2000) which 
determined that seroprevalence rates levels were 20% in peridomestic populations captured 
inside homes in Montana. This was lower than levels than found in peridomestic populations 
during the 1993 Sin Nombre Hantavirus Outbreak (27.5-32.5%) but higher than sylvan 
populations in Colorado, Kansas, Montana, eastern and central United States national parks and 
communities in the Southwestern states.  
The finding that peridomestic populations have higher seroprevalence rates than sylvan 
populations is worrying because those populations share spaces with humans; however other 
studies support this finding.  To understand movements between sylvan and peridomestic 
populations, Douglass et al. (2006) trapped and attached tracking collars to 22 mice sylvan mice 
and 44 peridomestic mice at three study sites in Montana. Each deer mouse was tracked for 10-
12 nights (deer mice are nocturnal), with location logged every 15 minutes.  Deer mice in 
peridomestic populations had considerably smaller home ranges (F=174M squared) than deer 
mice in sylvan populations (2,813 m squared).  Peridomestic mice were also unevenly split their 
time, with 60% spent indoors and 40% outdoors.  Peridomestic mice were spending time 
indoors but also had at least some contact with sylvan populations.  Douglass et al. (2006) 




proposed the same hypotheses (1) smaller range and fragmented habitat led to increased 
contact between deer mice (2) deer mice urinate every hour and small spaces increase the risk 
that pathogen will be aerosolized and inhaled by other mice (3) Lack of UV light allows for the 
virus to remain active for longer periods of time.  
Deer mice covet peridomestic spaces, quickly occupying them when availability allows, 
increasing Sin Nombre hantavirus risk to humans.  Douglass et al. (2003) investigated the effect 
on peridomestic and sylvan populations after deer mouse removal from peridomestic spaces 
without properly sealing. Douglass et al. (2003) emptied deer mice populations from designated 
"removal buildings" between 1996-2001 without properly sealing them.  Designated "control 
buildings" were areas in which deer mice were captured and tagged but not removed. Deer 
mice from nearby control buildings and sylvan populations were tagged and released between 
1996-2001 with periodic trappings to track their movements.  Removal buildings, once emptied 
of their original populations, were quickly colonized by nearby sylvan populations. Tagged deer 
mice from sylvan populations were shown to travel as much as 1/ha but may travel further 
depending on need.  Control buildings had lower seropositivity rates due to reduced fluctuation 
in deer mice populations, as deer mice from control buildings rarely left. 
Buildings where trapping and removal are taking place are of increased risk to human 
pathogen spread. Douglass et al. (2003) hypothesized that peridomestic spaces act as 
hantavirus corridors in which sylvan and peridomestic populations interact and help maintain 
seropositivity levels within both groups.  Buildings that are not properly sealed after trapping 
events may increase deer mice presence and seropositivity rates, increasing human pathogen 
risk.  The colonization of gaps created by trapping deer mice in unsealed building allow 
hantavirus to circulate between sylvan and peridomestic populations. Trapping and sealing of 
building must be done together to control hantavirus and other rodent-borne illness. Trapping 
without sealing a human-occupied building is less safe and can increase human exposure to 
hantavirus. Human populations experiencing poverty or without access to professional rodent 
control may increase their risk to Sin Nombre hantavirus by trapping without sealing their 
residences. To protect larger populations during a Sin Nombre hantavirus outbreak, 




Wildland-Urban Interface Expansion and Wildfire Risk 
Deer mice treat peridomestic buildings such as barns, sheds, and outbuildings as 
coveted spaces (Núñez et al., 2014). Deer mice also have been shown to colonize domestic 
spaces such as homes, cars, campsites, and trailers, especially as their populations increase 
(Harper and Meyer, 1999; Van Hook, 2018).  Human buildings are so popular that sylvan mice 
have been shown to travel 1/ ha or more to occupy one  (Douglass et al. 2003). When humans 
build homes and other peridomestic spaces, we build them for us and the creatures with whom 
we may share them.  To understand the scale of the problem, it is important to understand how 
much human expansion into wild areas is occurring.  
As human populations increase and urban cities become less affordable, expansion into 
the Wildland Urban Interface (WUI) has increased  (Radeloff et al., 2018). The Wildland-Urban 
Interface is defined as a human settlement in natural or seminatural landscapes. There are two 
kinds of WUI, defined as Intermix and Interface. The Intermix WUI included homes that are 
sparse and surrounded by vegetation, while homes in the Interface WUI typically dense and 
abut natural landscapes or vegetation. Discussion of the WUI includes both Intermix and 
Interface. To determine how much the Wildland Urban Interface has grown between 1990-
2010, Radeloff et al. (2018) compared United States census data and US Geologic Surveys. The 
team then looked at US fire data to figure out if homes were built within perimeters of recent 
wildfires for the same period.  
Radeloff et al. (2018) found that between 1990-2010 the new WUI area had grown by 
more than 189,000 km2, larger than the state of Washington. In 2010, the number of people in 
the WUI had increased by 25 million compared to 1990 totals, and 12.7 million new homes 
were added (Figure 13). Nearly all (97%) of new growth in the WUI resulted from home building 
and not due to increased vegetation growth.  In 1990, fire perimeters contained 177,000 
homes, and by 2010, those same perimeters contained 286,000 homes for a total growth rate 
of 62% (Figure 13). Many areas within fire perimeters had been rebuilt after the initial fire, 










Figure 13. Statistics of WUI growth between 1990-2010. (A) Rate of growth in the area, housing units and population of the WUI 
between 1990-2010 (B,C) Percentage of WUI growth in the area, housing units and population of the WUI between 1990-2010 
(D) total new housing units in the 1990’s and 2000’s both inside and outside the WUI (Radeloff et al., 2018). 
 
Expansion in the last twenty years from cities back into wild spaces has been extensive.  The 
term “wildland urban interface” was coined to talk about the phenomenon of anthropogenic 
movement into these areas and the result of wildfire incidents, to write fire policy (Radeloff et 
al. 2005).  
In the time of climate change, human expansion into wildland areas presents significant 
fire risk. Along the Colorado Front Range, areas of expansion which include medium spaced 
homes and significant vegetation were predicted to increase fire risk in the WUI. The Colorado 




average and poses a potential threat to increased wildfire risk especially as climate change 
increases temperatures.  To assess wildfire risk along the Colorado Front Range, Liu et al. (2015) 
used CHANGE, a simulating landscape modeling tool to predict WUI growth patterns and 
increased fire between 2005-2050. The modeling predicts a growth of 183,394 ha of WUI by 
2050 or an increase of 50.7% from 2005 baseline. Areas of future WUI were determined to be 
more likely to burn at higher rates because expansion was predicted to occur at higher 
elevations, along steeper slopes and farther from roads and urban areas.  These newer 
developments would have significant vegetation and low enough levels of populations, making 
incidents of fire highly likely.  In stark contrast to recommendations about how to decrease 
wildfire expansion, the WUI is expected to increase by 48,057 km 2 by 2030 for a total area of 
513,670 km2 (Theobald and Romme, 2007). The most expansion is predicted to occur in the 
states of Nevada, Arizona, Colorado, Montana, Utah, Idaho, Indiana, Minnesota, and Wisconsin 
(Theobald and Romme, 2007). Human expansion into deeper areas of wildland, set the stage 
for larger fires which are harder to reach and difficult to extinguish.   
 
Land Fragmentation & Sin Nombre Hantavirus 
Land fragmentation because of human settlement has been cited as one of the greatest 
mechanisms for increasing zoonotic pathogens with short-term and long-term effects (Bar-
Massada et al., 2014; Gottendeker et al., 2014).  Long-term human settlement in the WUI after 
the initial land fragmentation means that damage to the local ecosystems is sustained for long 
periods of time (Bar-Massada et al., 2014). Bar-Massada et al. (2014) investigated the abiotic 
and biotic effects of creating homes in the WUI, a process found to increase pathogen transfer, 
introduce invasive species, alter wildlife, increase pollution and lead to habitat fragmentation 
and loss (Figure 14). Habitat loss and fragmentation resulting from the building of homes, 
roads, gardens, and trails lead to the introduction of invasive species in landscaping and garden 
waste. Wildlife is removed or killed to build homes and maintain boundaries with humans.  
Domestic animals, loss of large predators, and pest species increase lead to increased disease 
spread (Bar-Massada et al., 2014). Human presence in the WUI leads to the influx of wildfires, 




not as simple as building homes but rather a complex process that destroys natural ecosystems 
and continuously selects for generalist species who can survive in these conditions. Overall, 
land fragmentation is a process that has been shown to increase hantavirus pathogen levels in 
deer mice populations and increase the risk to humans (Langlois et al., 2001).    This is a concern 
because nearly every aspect of anthropogenic land-use includes land fragmentation, including 
human settlement, agriculture, forest management, rainforest destruction, etc. (Bar-Massada 






Figure 14. The WUI is subject to many abiotic and biotic processes due to human settlement (Bar-Massada et al., 2014). 
 
Land fragmentation has been directly correlated with an increase in seroprevalence for 
Sin Nombre hantavirus in deer mouse populations in Utah (Mackelprang, et al., 2001). Testing 
three times over one year period, Mackelprang et al. (2001) found that sylvan populations near 
Little Sahara Recreation Area had seropositivity rates of 29.7%, which was three times higher 
than local populations. These rates are comparable to the seropositivity rates discovered during 
the 1993 Sin Nombre Hantavirus in the Four Corners Region (27.5-32.5%).  Mackelprang et al. 
(2001) determined that the high seroprevalence rates could be attributed to the land 
fragmentation caused by all-terrain vehicle use (ATV) which had destroyed local habitat within 




reduced biodiversity and increased deer mouse contact, raising Sin Nombre hantavirus levels in 
the local populations.  
Using remote sensing in ArcGIS combined with data collected by Health Canada’s 
Hantavirus Surveillance Program, Langlois et al. (2001) determined that fragmented landscape 
resulted in higher seropositivity rates within deer mice populations. The team hypothesized 
that the reasons were two-fold: (1) deer mice populations move more quickly through non-
ideal habitat (fragmented land) leading to increased contact between hosts (2) smaller patches 
illicit more territorial behavior such as fighting and biting which increase pathogen spread. Land 
fragmentation was shown to be a better determinant of increased seropositivity rates within 
deer mice populations than climate variables or time of year (Langlois et al., 2001).  Langlois et 
al. (2001) advise epidemiologists to consider landscape structure in their disease modeling as 
transmission and seropositivity rates may be higher in fragmented areas.   
Similar patterns were noted in Paraguay where at least five strains of New World 
hantavirus occur (Goodin et al., 2006).  Goodin et al. (2006) used remote sensing and ArcGIS to 
determine that human disturbance via agricultural activity increased seropositivity in local 
rodent populations.  Goodin et al. (2006) notes that while agricultural land disturbance does 
increase contact between rodent species, it may also lead to physiological stressors to these 
populations that are not yet understood. Whether or not these stressors may change viral 
spreading is worth further investigation. Future use of remote-sensing, ArcGIS and 
seropositivity testing may be the most efficient route to understanding future epidemiological 
hotspots especially because areas of anthropogenic land fragmentation, (including agricultural 
processes), have been shown to increase hantavirus levels in rodent populations.  A larger-scale 
tracking system for determining areas of human hantavirus risk especially considering climate 
change, where migration patterns of humans, animals and plants are constantly evolving.  
 
Plant Pathogens and Sin Nombre Hantavirus  
Plant pathogens in wildlands and forest add strain to an ecosystem and can change 
disease dynamics for local rodent populations. The presence of a plant pathogen has been 




sylvan populations (Lehmer et al., 2012).  Lehmer et al. (2012) investigated the effect of Sudden 
Aspen Decline (SAD) on seropositivity rates of Sin Nombre hantavirus in local deer mouse 
populations in Colorado.  The origins of Sudden Aspen Decline were determined to result from 
extreme water stress and high temperatures in combination with other stressors such as 
infestation. These combinations led to Sudden Aspen Decline, which caused large populations 
of Aspen in North America and Canada to die of thirst (Anderegg, et al., 2013).  
Lehmer et al. (2012) chose 12 sites in San Juan National Forest (SFJN) from June 1 to July 
15 in 2009 and 2010.  Crown fade was measured to determine rates of three SAD levels in 
Aspen populations at each site, with high crown fade being associated with high levels of SAD. 
Low SAD was set at (0.0-29.9%), medium SAD (30.0-69.9%) and high SAD (70.0-100%) of total 
crown fade (Figure 15). At each of these 12 sites, four iButton temperature monitors were 
installed to document daily air temperatures.  Live trapping of deer mice at each site occurred 
for consecutive nights from June 10-June 30th in 2009 and 2010. Blood samples were drawn 
from trapped mice, and hantavirus prevalence was determined by dividing the total SNV 




Figure 15. Examples of canopy cover and the progressive crown fade associated with different levels of Sudden Aspen Decline 
(SAD) between 2009-2010: (A) low SAD (B) moderate SAD (C) high SAD (Lehmer et al., 2012).  
 
Areas of high levels of Sudden Aspen Decline had a noticeable change to the forest 
floor's small mammal structure.  The reduction in stand density and crown cover, resulted in 




Aspen stands are moist and dark, with more biodiverse small mammals and plants.  Higher SAD 
levels result in more light and warmer temperatures on the forest floor.  High levels of SAD lead 
to a reduction in biodiversity (Figure 15) and a selection for generalist species, noticeably 
increasing deer mice populations.  The dieback is seen in areas of high SAD levels and resulted 
in warmer temperatures on the forest floor which reduced native plant life usually seen in 




Figure 16. Changes in forest structure due to the presence of Sudden Aspen Decline. (A) species diversity changes (B) small 
mammal density (C) seroprevalence of Sin Nombre hantavirus based on crown fade used to determine slight, medium and 
severe levels of Sudden Aspen Decline (Lehmer et al., 2012).  
 
Deer mouse populations in areas of high levels of SAD displayed both higher density and 
high seroprevalence levels than those in lower levels of SAD (Figure 16). Lehmer et al. (2012) 
hypothesized that this was due to the dilution effect or the lack of biodiversity in these areas 




less ground cover with patches of standing biomass, creating a fragmenting of territory that 
mimics patterns seen in anthropogenic land use.  Researchers hypothesized that these smaller 
land areas were supporting larger populations of deer mice leading to increased contact 
between individuals.  
Lehmer et al. (2012) determined that the introduction of a plant pathogen into a healthy 
ecosystem can raise human pathogen risk.  The introduction of disease creates a change to the 
forest floor and alters the small rodent mammals it can support. As seen during the short, mild 
winter and the early spring of the Sin Nombre 1993 outbreak, warmer temperatures allow for 
longer breeding seasons, increased vegetation, and rapid increases in deer mice populations 
(Van Hook, 2018).  One of the ecosystem services provided by a healthy forest is the balance of 
populations and disease. A forest experiencing stress loses the ability to provide balance, 
increasing disease prevalence (Anderegg et al., 2013).  Current forests in North America are 
experiencing high disease and stress levels due to drought and ongoing fire suppression (Allen 
et al., 2010). There are no other available studies that examine hantavirus seroprevalence, deer 
mice populations, and plant pathogens despite the high rates of disease in current forests.  
Other areas of forests experiencing disease may be experiencing higher deer mice densities and 
seroprevalence rates, but at this point, that data is not available. A fire in an area where deer 
mice are already in high abundance and seroprevalence could increase pathogen risk in areas of 
human settlement.   
 
Agricultural Burning and Hantavirus 
Sugarcane Expansion and Climate Change 
Agriculture is a particularly damaging form of anthropogenic land use and the effects on 
small rodent populations are still being uncovered.  The process of agriculture includes 
fragmentation of land, ecosystem decimation and may include burning of cropland. Although 
studies address agricultural land use and increased zoonotic pathogen risk, there is less data on 
hantaviruses specifically (Gottdenker et al., 2014; Guo et al., 2019)   The use of fire within 




effects on biodiversity within small rodent communities.  Exploration of the effects of 
agricultural burning on hantavirus is warranted because fire reduces biodiversity and selects for 
generalist species which harbor more human pathogens (Hans et al., 2015).  
Studies of deer mice in agricultural areas show that areas of high disturbance are most 
preferred (Clark et al., 1989; Matlack et al., 2001). Deer mice have been shown to increase in 
areas of tallgrass prairie that are both burned and grazed versus less disturbed habitat that is 
unburned and ungrazed; benefitting from the reduction in overall biodiversity and the open 
microhabitats (Clark et al., 1989).  In tallgrass prairie, Matlack et al. (2001) found that annual 
burning increased deer mice populations and nearly eliminated biodiversity in 12 study sites in 
Flint Hills, Kansas. Deer mice populations preferred areas of bison-grazed versus cattle-grazed 
tall grass prairie after annual fire.  Matlack et al. (2001) hypothesized that the more destructive 
grazing techniques used by bison (such as stomping down of vegetation) created more 
favorable terrain for deer mice.  These studies support previous findings that deer mice 
populations increase after disturbance (fire) and prefer areas that experience severe or 
compounding disturbance (fire and grazing, severe fire vs. low severity fire, and repeated 
burns) (Zwolak et al., 2009; Zwolak et al., 2012).  
Fire in agriculture, especially surrounding hantavirus risk specifically, is minimally 
addressed (Gheler-Costa et al., 2013).  Sin Nombre Hantavirus studies are limited. After growing 
concern about correlating HCPS hantavirus outbreaks during the sugar cane harvest season in 
high-risk areas of Brazil, Gheler-Costa et al. (2013) studied four different types of sugar cane 
harvesting techniques to see how each affected populations of small rodent communities in 
Sao Paulo.  The team performed trapping and counting of small rodent populations on four 
types of sugar cane harvest on a sugarcane production farm in Usina Santa Elisa Vale, in 
Sertaozinho, Sao Paulo state, Brazil (Table 4).  Four stands of harvest area were selected within 
four samples types, including A. Pre-harvest fire combined with manual harvest (PHF); B. 
Mechanical harvest within the last three years without fire use (Y3); C. Mechanical harvest 
within the last five years without fire (Y5): D. Mechanical harvest within the last ten years 




events total. The team hypothesized that an increase in diversity and abundance of small 
mammal populations would result in halted pre-harvest burning.  
 
Table 4. Abundance of small mammal species trapped across a variety of harvesting types in Sao Paulo sugarcane fields in Brazil 
in February 2009 and 2010. (Y10) ten years of mechanical harvesting (Y5) five years of mechanical harvesting (Y3) three years of 
mechanical harvesting (PHF) pre-harvest fire. N= individual captures, I= abundance index. Note influx of certain generalist 
species with the use of pre-harvest fire. 
 
 
The species caught were generalist species, frequently spotted in and around 
agricultural workers in the Sugarcane plantations of San Paulo and associated with hantavirus 
strains. A total of 399 individuals were caught during trapping periods and included: the 
Delicate Vesper Mouse (Calomys tener), Hairy-Tailed Bolo Mouse (Necromys Lasiurus), 
Montane Grass Mouse (Akodon montensis), Black-Footed Pygmy Rice Rat (Oligoryzomys 
nigripes), House Mouse (Mus musculus), Black Rat (Rattus rattus, invasive) and the marsupial 
Agile Gracile Opossum (Gracilinanus agilis). Calomys tener, Necromys Lasiurus, Oligoryzomys 
nigripes, Rattus Rattus have been shown to carry hantavirus strains that cause HCPS in 
humans.  The effects of pre-harvest fire in Brazil on small rodent communities’ mirrors fire 
events in North America that lead to an increase in generalist species.  In sampling areas where 
pre-harvest fire was used, there was a noticeable influx of generalist rodent species, with C. 
tener and N. Lasiurus being the most abundant across all areas (Table 4).  The influx of 
generalist species shown to carry hantavirus strains would increase the risk to agricultural 
workers who labor in these fields. Gheler-Costa et al. (2013) concluded that hantavirus 




Brazil is considered a hotspot for zoonotic human pathogen risk because it hosts an 
abundance of generalist rodent species that carry a variety of unique pathogens (Hans et al., 
2016). Tougher environmental laws resulted in the use of mechanical harvesting in over half of 
Brazil's sugarcane fields by 2010 and a promise to complete 100% mechanical harvesting by 
2017 to reduce climate emissions (Matthews, 2010).  Updates on the success of elimination of 
pre-harvest burning could not be located. Mechanical harvesting removes people from fields 
and allows for faster cultivation processes (Ziegler, 2019).  Climate change in Brazil is predicted 
to increase human risk to New World hantaviruses by 1.3-1.5% and expose 20% more people 
living in Sao Paulo than are currently at risk (Riberio-Preist et al., 2017). 
 
Cropland Burning in Sugarcane in North America 
Although Sao Paulo, Brazil may be moving away from burning sugarcane, the United 
States still employs agricultural burning. Florida has the highest concentration of agricultural 
burns in the United States, associated with their sugarcane crops. Sugarcane cropland in Florida 
makes up 400,000 acres of the Everglades Natural Area (EEA), of which 100% is annually burned 
(Reid, A. 2015).  95% of sugarcane cropland is still hand-planted as mechanized labor has 
reduced success in the planting process (Rott et al., 2018).  Fields are burned to eliminate 
excess vegetation and then mechanically harvested, with field workers responsible for nearly all 
planting. Harvesting is performed by machine or hand-cut by laborers with machetes (Rott et 
al., 2018).  Planting sugarcane crops by a single worker may be as high as five acres per day 
(Rott et al., 2018). 
  The threat of hantavirus in Florida is currently minimal. A twenty-year summary of 
human hantavirus cases in the United States reported one case of confirmed HCPS in October 
1993 (Khan, et al., 1996; Knust and Rollin, 2013). The pathogen was called Black Creek Canal 
Virus, an emerging hantavirus strain associated with the cotton rat (Sigmodon hispidus).  
Climate change poses an increasing threat to normalized baselines of rodent populations and 
hantavirus risk around the globe (Klempa, 2009). Current discussions of health issues related to 
Florida’s sugarcane cropland burning focus on air-quality and climate emissions rather than 




According to Hans et al. (2016) future hotspots for rodent-borne illness are areas that 
contain large populations of generalist rodent species and low mammal biodiversity because 
this combination allows rodents to thrive unchecked. Sugarcane fields in Florida are dominated 
by the cotton rat (Sigmodon hispidus-host of Black Creek Canal hantavirus) as well as the roof 
rat (Rattus rattus-host of Seoul virus) and the rice rat (Oryzomys palustris-host of the Bayou 
hantavirus) (CDC, 2021; Martin et al., 2007). The vast numbers of these rodents within crops 
are frequently blamed for sugarcane consumption and crop damage (Martin et al., 2007). 
Martin et al. (2007) determined that cotton rats are the leading cause of sugarcane damage and 
consumption in the Everglades Agricultural Area. Cotton rats consume an estimated 7,056 to 
32,442 metric tons of sugarcane stalk within peak density in the four months of the Florida pre-
harvest season (Martin et al., 2007).  Routine burns naturally select for generalist species, and 
sugarcane crop is preferred habitat for three generalist rodents each carrying strains of human 
pathogenic hantavirus.  Depending on the effects of climate change, Florida sugarcane fields 
may represent a potential hotspot for future hantavirus risk. Suspending pre-harvest burning of 
Florida sugarcane may reduce generalist rodent species within crops and instituting 
mechanized harvest would reduce exposure for humans in fields.  
 
Remote Sensing of Agricultural Burning in North America 
Although humans have practiced fire suppression in North America since the start of 
colonization, pre-harvest and post-harvest burning in agriculture is still actively used in a variety 
of crops such as sugarcane, rice, and grain (McCarty et al., 2009).   Quantifying use is difficult 
even with assistance from the United States Department of Agriculture (USDA). The practice of 
"cut burning," or the burning of crop remnants after harvest, is an annual practice in cotton, 
soy, rice, and sugarcane crops across the United States (McCarty et al., 2007). Fire helps to 
eliminate disease, pest species and remove post-harvest materials (McCarty et al., 2007). 
Although there are estimates available from the USDA about how much annual agricultural 
burning occurs across the United States, the support behind this data is questionable. The 




States but regulates pollution from agriculture overall to ensure that each state or Indian land 
follows the Clean Air Act (CAA) (AAQTF Report: 1999).  
According to a 1999 report on Agricultural Burn Policy created by the Agricultural Air 
Quality Task Force (AAQTF) to the United States Department of Agriculture (USDA) the USDA 
tracks total agricultural burning across the United States.   Each state or Indian territory has an 
Agricultural Burning Manager who uses current data such as meteorological data, time of year, 
time of day, to determine when burning can occur on a daily basis. Only a few states provide 
annual reports of agricultural burning including Florida, Washington, Oregon and California and 
as a result, details around agricultural burning availability are region-specific.  (McCarty et al., 
2009). Some states do not require permits to burn (Arkansas, Louisiana) (AAQTF Report: 
1999). Most states do not self-report making public knowledge of agricultural burning difficult 
to quantify. Although the USDA reports the annual numbers, the details are understood by 
specialists, such as the Agricultural Burning Manager or by the producers themselves, if at all. 
Each Agricultural Burning Manager of a state or Indian territory is tasked with understanding 
local weather conditions and determining how and when burning can occur throughout a state. 
They are encouraged to coordinate with local fire departments, land-owners, and producers to 
coordinate burning across their region (a difficult task if permitting and reporting processes are 
not practiced).  For instance, a hotline is available in Arkansas where producers can call to 
report their intent to burn and to determine where other fires will occur locally in a similar time 
frame, however, the program is voluntary (Arkansas Department of Agriculture).  
Each crop that uses agricultural burning (sugarcane, rice, grain, etc.) has estimated 
totals for annual burning.  The AAQTF 1999 report states that 96% of approximately 890,000 
acres of sugarcane are burned in Texas, Hawaii, Florida, and Louisiana each year. 70 million 
acres of United States land is devoted to growing grain, but because so many states do not 
report, estimations are conservative at 7 to 8 million acres burned annually (AAQTF Report: 
1999). Total rangeland and pastureland in the United States is equal to 1.9 billion acres and 525 
million acres is privately-owned. As a result, burn estimates on private lands cannot be 




3% total land area). Grazing land is estimated to burn at 600 million acres and 2.5 million acres 
of non-crop agriculture (such as irrigation ditches) burned each year (AAQTF Report: 1999).  
The Agricultural Air Quality Task Force submitted these estimates to the USDA to create 
a comprehensive policy on agricultural burning in the United States.  However, the data 
gathering process and the data itself is neither transparent nor comprehensive.  The data may 
be coming from USDA harvesting records which track agricultural cropland throughout the 
United States and informed by specialists who understand the details (such as the Agricultural 
Burning Managers) but specific sources remain unclear. McCarty et al. (2009) used the data 
from the annual USDA report on total cropland cover in the United States to assess where fires 
were burning and what crops were burning via satellite.  However, without a region and state-
wide mandatory reporting system and permitting requirements, it is difficult to estimate total 
agricultural burning and to enforce burn policy.   
The AAQTF report states several times that burning is an essential part of each of these 
crops, providing efficient, cheaper, and healthier harvesting methods while simultaneously 
encouraging farmers to find burning alternatives and reduce pollution.  Total emissions from 
agricultural burning are based on estimates that vary widely due to lack of data and poor 
science, leading to unreliable air pollution estimates in agricultural burning.  Due to the lack of 
details, EPA findings of agricultural burning emissions vary from 15 to 150 pounds of particulate 
matter per ton of fuel burned annually across the United States.  
Without transparent permitting and reporting systems on private and commercial 
agricultural, rangeland, pastureland, and non-crop agricultural burning, it is impossible to 
understand how much fire is used for agricultural purposes across the United States. Details 
about the quantity of each crop variety is burned annually in a single state cannot be quantified 
with certainty within the agriculture sector.  Estimates are provided, although the AAQTF itself 
admits that these approximations are based on limited available data. The EPA has a reduced 
ability to enforce the Clean Air Act because air pollution data resulting from agricultural burning 
is skewed by reporting. Without clear and comprehensive data on greenhouse gas emissions 
from agricultural burning- preventing climate change is more difficult and alleviating pollution 




There is no independent oversight of how much agricultural burning is done in the 
United States, and a cohesive system for gathering this data does not exist.  McCarty et al. 
(2009) used remote sensing with fire-detection via satellite software (MODIS) to gather burn 
estimate data. The team analyzed burn estimates within a GIS program to determine how much 
agricultural burning occurs across the contiguous United States. Data was collected and 
analyzed across the United States from 2003-2007 and then compared with reporting from the 
United States Department of Agricultural Census (USDA/NASS). The burn estimations gathered 
via remote sensing were then cross-checked against validation data gathered by independent 
sources unconnected to the current project to verify the results.  Although remote sensing had 
been shown to successfully detect agricultural burning, the technology is still relatively new 
(McCarty et al., 2009).  
McCarty et al. (2009) found that 1,239,000 ha was burned annually between 2003-2007 
across the contiguous United States. McCarty et al. (2009) found that cropland burning is 
concentrated in the top thirteen states of Florida, California, Texas, Arkansas, Idaho, 
Washington, Kansas, North Dakota, South Dakota, Oregon, Oklahoma, and Louisiana. These 
burns accounted for an annual total of 75,875 ha or 80% of total burned cropland across the 
contiguous United States. In California's Central Valley, crops of wheat, cotton, rice, and 
orchard areas accounted for 2.3% of annual burning, while Oregon and Colorado burned wheat 
crop varieties. Florida was the state that practiced the most agricultural burning associated with 
its sugarcane crops (McCarty et al., 2009).  
Between 2003-2007 comparisons between cropland burning and wildfire were 
significant (Table 5). Compared to wildfire data gathered by the United States Forest Service for 
the same time frame, cropland burns are equivalent to more than one-third (34%) of average 
wildfire reported in the United States (Table 5). In 2003, cropland burning was equivalent to 
more than three-quarters of the total wildland burned area at 79%. While wildfires are mostly 
human caused and unintentional, cropland burning is a purposeful act which has been shown 
to contribute enough to total overall fire totals in these four years across United States to 





Table 5. Wildland burning area and cropland burned area across the contiguous United States compared and gathered via 
remote sensing for 2003-2007 (McCarty et al., 2009). 
 
 
The reasoning behind this study was to use independent oversight to discover how 
much agricultural burning occurs in the United States and determine how remote-sensing data 
of agricultural burning compared with USDA reported totals. Because not all states report 
annual agricultural burn totals, McCarty et al. (2009) compared burn estimations gathered via 
remote sensing to totals reported by the individual states of Arkansas, Florida, Louisiana, and 
Washington to the USDA and found significant differences (Table 6).  The data gathered by 
McCarty et al. (2009) was only able to account for 35% of burned reported cropland in Arkansas 
and 17% of burned cropland in Louisiana compared with reported government statistics 
between 2003-2007.  In Florida, McCarty et al. (2009) found that government reporting was 
higher than remote-sensing burn rates between 2003-2007 by 24%.  While USDA harvesting 
records showed a reduction in overall sugarcane acreage in those years, the state had reported 
a higher number of burns than McCarty et al. (2009). In Washington state, lower estimates in 
2003 (26%) and 2006 (45%) were found to be a result of excluding other kinds of burning not 
reported to the state, such as orchard tear-outs, pasture maintenance, and debris burning.  
Overestimates for Washington state 2004 (52%) and 2005 (43%) were a result of illegal burns 
not accounted for in state reports and the result of a software error in which irrigated fields 
next to burned areas were included in totals.  Comparisons between burn estimates and 
independent follow-up sources found that remote sensing was 84% accurate in detecting 
burned agricultural areas.  Remote sensing software used by McCarty et al. (2009) mainly found 




confirmed possible reasons for this but show a discrepancy between government totals and 
remote sensing.  
Table 6. Comparison of remote-sensing data to state reported burned areas of Arkansas, Florida, Louisiana, and Washington 
states from 2003-2007. This table highlights differences between state reporting and independent data of agricultural burn 
totals (McCarty et al., 2009).  
 
 
Remote sensing is a tricky process but does present a good prospect for future 
detection of agricultural burns.  While McCarty et al. (2009) experienced software challenges 
such as making distinctions between irrigated areas and burned areas, the program is 
consistently modified to learn new patterns and detection methods. McCarty has done other 
significant studies giving hope that future progress will prevent the need for self-reporting by 
states altogether.  McCarty et al. (2009) shows that agricultural burning is a significant source of 
fire in the United States and that just how much is in use is still unknown.  Repeated burning in 
agriculture selects for generalist species and creates preferred habitat for deer mice so 
understanding the amount fire in use across the United States is crucial in determining future 
pathogen human pathogen risk (Hans, et al. 2015; Zwolak et al., 2013) 
  Some producers argue that fire is a necessary part of agriculture and reduction of 
cropland burning overall is slow. Sugarcane is a crop that the United States argues explicitly is 




agricultural burns combined with increasing North American wildfires is leading to elimination 
of the practice (Becker, 2021). In February 2021, the California Air Resource Board (CARB) 
announced the elimination agricultural burning in the San Joaquin Valley by 2025 (CARB: 
Resolution 21-4). The decision will result in vineyards and orchards switching from fire to 
grinding up vegetation to mix with their soil or hauling vegetation to biomass facilities (Becker, 
2021).  This ruling is an update to a previous resolution to end agricultural burning in the area 
by 2010- which was not enforced (Becker, 2021; CARB: Resolution 21-4). Additional costs of the 
elimination of fire have been estimated at between $15-$30 million dollars and farmers are 
advocating for state and federal funding (Becker, 2021). The air pollution in the San Joaquin 
Valley disproportionately affects communities of color and has led to some of the worst air 
quality in the United States (Becker, 2021).    
There’s not an easy solution to the issue of agricultural fire and it is difficult to justify 
wide-scale agricultural burning in a time of such extreme wildfires that burn hotter and longer 
(Struzik, E. 2017). The process of human disturbance in agriculture has been shown to increase 
seropositivity rates in rodent populations (Goodin et al., 2006). Suppressing the use of fire in 
agriculture may reduce generalist rodent species and reduce human risk to rodent-borne 
illness.  However, fire is used to control plant pathogens and vector-borne illness making it an 
important tool in agriculture.  Fire is also a healthy part of a natural ecosystem, and over 100 
years of fire suppression by humans has led to extreme wildfire seasons- a cycle that is not 
worth repeating on agricultural lands.  A well-rounded holistic approach to both fire and 
agriculture is worth looking into- as is a more coordinated tracking system and permit system 
for agricultural burning.  
The Spread of Human Disturbance and New World Hantavirus 
Risk within the American Continent 
Globally, New World hantavirus affects Canada, North America, and South America. As 
human disturbance expands into previously undisturbed areas, so does New World hantavirus.  
As deforestation increases in Brazil, so does hantavirus. Until 2010, Indigenous tribes in Brazil 
were thought to be untouched by hantaviruses when an outbreak occurred within the 




(Tercas et al., 2013). The Xingu Indigenous Park is an area of 2.9 million acres of land and is 
inhabited by 16 different ethnic groups and is facing ecosystem disturbance. (Tercas et al., 
2013. Povos Indigena No Brasil website).  According to Tercas et al. (2013) known hantaviruses 
in this area of Brazil include Castelos dos Sonhos (transmitted by Oligoryzomys utiaritensis-rats) 
and Laguna Negra (transmitted by Calomys aff. callosus-mice) but this particular strain could 
not be identified. Six patients between the ages of 1-38 tested positive for HCPS, and five died 
(fatality rate of 80%). Women faced greater risk as they were cleaning (and sweeping) the home 
areas in which they were infected. The home was most likely the site of infection; however, the 
Sobradinho Indian Settlement faced other possible exposure elements such as the 
transportation of grains, direct contact with rodents and others with HCPS, and housecleaning 
in a wilderness area (Tercas et al. 2013). Tercas et al. (2013) state that there is a connection 
between deforestation and farming practices undertaken in indigenous areas.  
The first documented case of New World hantavirus in Brazil occurred in 2004 in the 
state of Amazonas located in the Brazilian Amazon. Amazonas is a state comprised mostly of 
Amazonian forest. Four patients were ill in the rural area of Itacoatiara along an industrial 
waterway used to transport soybeans, with one death. All patients had participated in a 
deforestation process, clearing trees around the home with the index patient (and the single 
fatality) having killed 20 rodents with hot water during the process. As part of the tree clearing 
process, rodents were routinely killed near the base of trees and inside the home. Initially, the 
index patient was given penicillin for a bacterial infection but was retroactively diagnosed with 
hantavirus after death (Santos et al., 2006).  The specific viral strain was not identified, although 
a blood test was conclusive for hantavirus.  
The expansion of grain production was associated with the 2011 fatal case of Rio 
Mamore virus detected in Amazonas State, Brazil. According to Oliveira et al. (2014). the 27-
year-old male patient lived on the western flood plain of the Solimoes-Amazon river, 
Amazonas, a rural area accessible only by boat in the Careiro da Varzea municipality.  
Inspection of the patient’s home found that it was flooded and contained waste products and 
garbage. The Rio Mamore virus was detected in three of the patient's family members and is 




microtis) a rodent that favors agricultural grain crops; however, the source of the strain and 
exposure was unknown at the time of the report.  The patient cited exposure within his home 
and occupationally on his boat.  The report notes that the Careiro da Varzea region has recently 
expanded grain production, which has led to increased rodents occupying human residents, 
especially in areas where homes remain flooded.  
 Ecosystem disturbances were cited as a possible reason for the initial discovery of a 
hantavirus case in the Amazon rainforest in 2008 named Maripa virus (Matheus et al., 2017). 
French Guiana has some of the largest jungles globally but increases in illegal mining of gold 
deposits beneath the forest floor have led to the vast destruction of natural areas (Press, 2019).  
Matheus et al. (2017) released a summary of an eight-year study conducted in French Guiana, 
South America, which tested samples from 151 patients from 2008-2016 and confirmed five 
acute Maripa virus cases. Of the five cases, four were fatal (80% fatality rate).  Of the five 
patients, two lived on the edge of a field practicing slash-and-burn agriculture, one lived at the 
forest edge, and two lived in urban areas. Seropositive rodents were captured near the home of 
one of the patients living near slash and burn agriculture and the one living in an urban area. 
Matheus et al. (2017) stated that as environmental changes such as the destruction of the 
Amazon continue to occur in South America, areas like French Guiana need to be monitored to 
avoid future potential outbreaks of hantavirus.    
Since the North American Sin Nombre hantavirus discovery in 1993, New World 
hantaviruses have been discovered across Canada and South America (Harper & Meyer, 1999).  
Within lower income countries and tropical climates there’s a different set of challenges which 
may offer a preview of future risk for North America as climate change progresses.  In North 
America, Sin Nombre hantavirus is often initially mistaken for a bad cold or a case of influenza 
(Harper & Meyer, 1999).  In equatorial latitudes, New World hantavirus strains are mistaken for 
other tropical diseases such as malaria and dengue (Oliveira et al., 2014).  Lower-income 
countries face barriers such as access to serological testing, diagnostic and supportive care 
options, as well as prevention such as rodent-proofing (Matheus et al.,2017; Oliveira et al., 
2014; Santos et al., 2006). Other barriers associated with poverty that can complicate 




ability to eliminate garbage waste in and around homes (Oliveira et al., 2014; Teraces et al., 
2013). Those living in low-income countries or indigenous peoples face higher risks because 
they work in outdoor occupations and cannot seal their homes allowing for multiple routes of 
exposure (Oliveira et al. 2014).   Living next to or participating in anthropogenic land use 
activities which destroy natural ecosystems and increases human exposure to local wildlife 
populations increase hantavirus risk.  Slash and burn agriculture, mining, and deforestation 
increase rodent contact and may not be voluntary for at-risk populations in lower-income 
countries (Oliveira et al. 2014; Tercas et al.,2013).   
The more we look carefully for New World hantavirus, the more we find it. Outside of 
North America, investigations have shown that anthropogenic land disturbance, particularly 
agriculture, urban development, and deforestation increase, have led to discoveries of New 
World hantaviruses in areas that were previously believed to be unexposed (Matheus et al., 
2017; Tercas et al., 2013).  Sin Nombre hantavirus was discovered in 1993 and is considered an 
emerging virus but it is not new. Sin Nombre virus is estimated to be at least thousands, 
possibly millions of years old, evolving with deer mice in a harmonious balance in which the 
deer mouse spreads the virus for its lifetime but remains unaffected (Harper & Meyer, 1999).  It 
is likely that some level of hantavirus has existed within human populations historically and 
better technology has made detection of the virus possible as it continues to evolve.  Better 
diagnostic tools and public health education have increased the ability to diagnose New World 
hantaviruses worldwide, especially in areas that were considered untouched (Oliviera et al., 
2014).  
As New World hantaviruses emerge and evolve, they follow paths of human activity 
which destroy natural ecosystems and increase contact between rodents and humans.  The 
worry is that increased anthropogenic land disturbance will increase disease exposure, and 
previously single hantavirus incidents will become common and widespread. Hantavirus is not 
an easy disease to contract, and even in events of widespread exposure, who gets sick and 
which cases become acute is still not well understood (Harper & Meyer, 1999).  However, as 




more chances the virus has to make the leap into humans, this increases the risk of 
evolutionary change (Harper & Meyer, 1999). 
 
Hantavirus Risk Within North America  
Hantavirus risk within North America reflects patterns seen in South America with high-
risk groups including Native Americans and migrant workers.  Vulnerable populations face 
multiple exposures because they are living in poverty and may encounter deer mice in their 
home and/or because of their occupation. New World hantaviruses in the United States are 
rare, with about 20-40 new cases reported each year (St. Maurice et al.,2017).  St. Maurice et 
al. (2017) summarized data gathered from 662 laboratory-confirmed hantavirus patients in 
North America by the Centers for Disease Control (CDC) between 1993-2015.  Confirmed HCPS 
patients were given questionnaires about their age, race, occupations, and potential place of 
exposure which was then summarized to learn about hantavirus risk in North America.  Total 
fatality rates of hantavirus cases were 35%.  New World hantaviruses in the study include Sin 
Nombre hantavirus and New York hantavirus associated with the North American deer mouse 
(Peromyscus manticulus), Monongahela hantavirus associated with the white-footed deer 
mouse (Peromyscus leucopus); Black Creek Canal Virus associated with the hispid cotton rat 
(Sigmodon hispidcus); and Bayou virus associated with the marsh rice rat (Oryzomys palustris). 
Results show that men are more likely to be exposed to hantavirus in the United States, 
perhaps due to occupational exposure (Table 7). Categories of occupational risk show that 
agricultural / ranching (80 cases) had the highest levels of rodent exposure, followed by 
construction/landscaping (43 cases) and forestry/parks/outdoor recreation (14 cases).  Other 
high-risk activities include cleaning up rodent infestation, which accounts for 17% of patients' 
total exposure.   White patients represent 78% of overall hantaviruses cases attributed to 
minimal racial diversity in rural areas where hantavirus is endemic. Cases of Hispanic patients, 
who represent a large part of the southwest, are not clearly defined. However, the CDC website 
states that 10% of overall US hantavirus cases occur in the Hispanic population, 9% identify as 
white-Hispanic, and 5.5% are Hispanic and male (CDC, 2012).  The report itself suggests that 





Table 7. Complete data of New World hantavirus cases in North America from 1993-2015 (St. Maurice et al., 2017). 
 
On par with data found throughout South America, where Indigenous populations make 
up highly vulnerable populations at risk to both ecosystem destruction and hantavirus, Native 
Americans in the United States represent only 2% of North America's population. However, 
they account for 18% of the HCPS cases. 89% of these cases occur in the dry and arid Four 
Corners region.  Although the CDC website states that no gender or race has been associated 
with increased risk to hantavirus in the United States, the Native American population, 




their white counterparts (Table 8) (CDC, 2012). White women report twice as many HCPS cases 
than their Native American counterparts however Native American women are twice as likely 
to die from an HCPS diagnosis.  
 
Table 8. Sin Nombre hantavirus confirmed fatalities categorized by age, race and biological sex between 1993-2015 (St. Maurice 




Overall, most exposures to Hantavirus in North America have been shown to take place 
in the home (Table 9). Native Americans reported more exposure in their home rather than 
occupationally.  Those with high-risk jobs report higher occupational exposure incidents than 
those who work low-risk jobs (office work, etc.). Seven percent of overall exposures were 
reported in cars, trailers, and mobile homes, which present challenges to preventing rodent 
exposure.   
 
 
Table 9. New World hantavirus cases in North America sorted by area of exposure including the home, occupational and 
recreational, organized by total number of cases and then percentage (%) between 1993-2015 (St. Maurice et al., 2017).  
 
 
Patterns of patient exposure follow what we know about anthropogenic land 
disturbance and disease. At-risk occupations are associated with land disturbance, such as 
agriculture/farming, construction/landscaping, and other processes in which humans fragment 




directly correlating with studies that show deer mice prefer human spaces and treat them as 
ideal habitat. (Douglass et al., 2003). This data also supports findings that land fragmentation, 
such as the expansion into the WUI increases risk of pathogen transmission to humans (Bar-
Massada et al., 2014).  Deer mice have been shown to respond positively to fire and burned 
areas (Zwolak et al., 2013). Rodent proofing homes after a nearby wildfire or in areas where 
homes are rebuilt after a wildfire is increasingly important.  
Exposure to hantavirus due to the occupational risk associated with fire has not been 
directly assessed. First responders and firefighters face multiple potential exposures, especially 
those who live in rural areas where conditions are dry.  In 2011, a firefighter in Carson City, 
Nevada, died at age 39 of Sin Nombre hantavirus after multiple potential exposures during his 
occupational duties (Andreson, 2011).   While fighting a chimney fire, a rodent's nest fell on him 
but potential exposure may have occurred while performing fire inspections and entering a 
storage shed behind the fire station (Andreson, 2011).   Testing of high-risk populations such as 
first responders and firefighters should increase especially as climate change expands 
hantavirus baselines and perimeters.  
 Though there is infrastructure in the United States to reduce exposure risk, access to 
that infrastructure is determined by wealth, status, education, citizenship, sex, race, gender 
identity, sexual orientation, mental health status, and other factors which leave certain groups 
highly vulnerable to disease. Agricultural and migrant workers face multiple exposures due to 
hazardous living and working conditions. In 2016, a non-fatal case of Sin Nombre hantavirus 
was discovered in a 25-year-old migrant worker in Colorado (Marx et al., 2017).  The patient 
lived in a residential outbuilding with 12 other workers, containing both rat/mouse droppings 
and open food containers. The patient reported taking naps under a tree which showed 
evidence of mouse burrows and nesting, exposing the patient in multiple ways. The 12 other 
workers in the same residence did not report any illness, and none were medically assessed.  
While the Epidemiological Intelligence Service recommended implementing a rodent-control 
program, and the farmer agreed, enforcement of these suggestions is not discussed (Marx et 
al., 2017). Previous records showed evidence of a fatal hantavirus diagnosis in 2014 of a 




quarters (Marx et al., 2017).  Agricultural workers remain an especially vulnerable population 
whose citizenship status may prevent access to healthcare. 
Within their analysis of North American hantavirus statistics gathered between 1993-
2015, Maurice et al. (2017) expressed concern over limited available data, especially in areas of 
race and occupational risk areas. The team insisted that more clear and detailed data should be 
gathered from patients moving forward.  Because hantavirus is a reportable disease, these 
current statistics reflect reporting, which is complicated by many factors, including race, sex, 
economic status, and healthcare access (to name a few). The CDC argues that low numbers of 
racial diversity in areas where hantavirus is endemic can account for low reporting in 
communities of color, those communities have historically faced barriers to primary medical 
care. Because New World hantavirus can be confused with other illnesses and because 
compounding medical conditions disguise hantavirus diagnosis, communities of color (Asian, 
Black, and Hispanic) should be considered a high priority for public health education and 
reporting.  
Native American communities face unique complications regarding Sin Nombre 
hantavirus because of colonialist oppression.  Native American patients represent 46% of 
overall hantavirus fatalities, despite being only 2% of the overall United States population 
whereas White patients only make up 33%.  Case fatalities are especially high among Native 
American women, though the reasoning is unclear.  In their analysis, Maurice et al. (2017) cite a 
case in which Seoul hantavirus was shown to elicit stronger reactions in male patients versus 
female patients and hypothesize that perhaps the Sin Nombre virus affects Native American 
women on a genetic level.  It is unclear if physicians asked Native Americans why they felt they 
faced an increased risk of hantavirus, but that information is not presented here as public 
knowledge. Frustratingly, expanded considerations of health, such as the fact that one-in-three 
Native American women experience rape and 39% experience domestic violence, some of the 
country's highest rates, are stressors that are not considered by this team in their assessment 
of risk (VAWNET, 2021).  These are examples of how broader understandings of landscape and 




communities. Current statistical findings only provide a small window into a much larger 
problem.   
During the 1993 Sin Nombre outbreak, tribal and local rural hospitals were not equipped 
to handle needs of HCPS patients who required highly skilled respiratory therapists and 
breathing equipment such as ventilators (Harper and Meyer, 1999). Helicopters were used to 
transport sick patients to city hospitals where better care could be provided. Families of 
patients were forced to choose between staying by their relative’s side while they died or 
sending them alone to a city hospital where odds of survival increased (Harper and Meyer, 
1999).  While it may seem that hantavirus risk in North America is reduced compared to other 
countries, pockets of vulnerabilities remain. To prepare for potential increases in hantavirus 
and other rodent-borne illnesses, hospitals in rural areas and on tribal land need to be better 
staffed and equipped to serve local populations. 
 
Australian Mouse Plague 
Ecosystem destruction resulting from drought, wildfires, agriculture, and human 
settlement leads to disproportionate rodent populations.  In January of 2021, New South Wales 
and southern Queensland in Australia faced a rapid increase in local house mice populations 
(Boseley, 2021; McCosker and Thompson, 2021).  These areas of Australia were hard-hit with 
drought and fire in previous years, followed by a wet season, leading to a rapid increase in 
vegetation. In response to the vegetation, house mice populations increased exponentially 
(Boseley, 2021). 
         The scope of the mouse problem in rural Australia is astounding (Figure 17).  House 
mice populations searching for food have invaded barns, storage sheds, homes, cars, and 
grocery stores in record numbers (Figure 18).  The house mice have obliterated local crops, and 
the populations are too large to be controlled (Boseley, 2021). House mice devour any exposed 
food in grocery stores, store owners try to seal what they can in plastic bins, although mice 
chew through them.  One grocery store owner complains of catching 400-500 mice per night.  A 
resident estimates at least 100 mice are living in her car, and at least 1000 are in her home. 




mice, and stores are sold out of mouse traps. Commercial and resident spaces smell of mouse 
urine and feces as humans collect thousands of dead mice each night. Besides decimating 
crops, the house mice live in trucks, offices and eating the wiring in tractors and other farming 
equipment, causing thousands of dollars worth of damage (Figure 18a,b) (Boseley, 2021). Food 
stored in barns and sheds has to be thrown away because it is contaminated when mice eat it, 
crawl through it and excrete in it (Boseley, 2021). The mouse plague is thought to be the reason 
for a five-day phone and internet outage in rural Australia after mice ate through transmission 




Figure 17. A resident of Coonamble, Australia holds up a few of the many mice his family catch themselves each evening 
(Boseley, 2021). 
 
The house mouse plague occurring in rural Australia is similar to conditions that allowed 




Hantavirus Outbreak of 1993. Both areas experienced a wet season with increased levels of 
vegetation which initially supported rodent population growth (Boseley, 2021; Van Hook, 
2018). Once those rodent populations grew to consume all the local vegetation, they moved 
into areas shared with humans, such as farms, offices, residences, and grocery stores, to feed 
their growing populations. Predator responses to rapid growth of rodent populations are often 
delayed by 3-4 years or may fail to materialize (Ostfeld and Holt, 2004).  As a result, rodent 
growth of this site is controlled by food availability or poisoning efforts by humans.  
Australia and North America (particularly in the western states) are experiencing similar issues 
of increased wildfires, extended droughts, and rising temperatures, raising the possibility that 




Figure 18a. A package of toilet paper shows mouse damage; rodents eat through everything except canned food (b) A store 
owner cleans his store for six hours a day and throws away thousands of dollars of destroyed products (Thackray and 





Although the 2021 mouse plague is among house mice and not deer mice, it is not 
without disease. This outbreak has led to the first human case of Lymphocytic Choriomeningitis 
(LCM) in the history of Australia (McCutcheon, 2021).   Lymphocytic Choriomeningitis (LCM) is a 
rare form of bacterial meningitis spread by human exposure to rodent excreta (urine and feces) 
and was contracted by a farmer in New South Wales.  Although he has survived, it is speculated 
that he will not be the only case (McCutcheon, 2021).  Farmers and residents of New South 
Wales have been reminded to wear gloves and masks when handling rodents, dead or alive 
(McCutcheon, 2021).  
If this situation occurred with deer mice in North America, the threat would be 
immediate. In Australia, the residents of South Wales complain that urine, feces, and dead mice 
have permeated almost all parts of their homes and businesses, including mice living in kitchen 
drawers and inside refrigerators. Inhalation of urine, feces, and excreta from deer mice could 
easily lead to a Sin Nombre hantavirus outbreak of this size were to occur in North America. 
Large amounts of deer mice in homes, around domestic pets, and livestock would increase the 
risk of pathogen transmission to other animals that share space with humans and encourage 
evolution of the virus. A mouse plague during the current Anthropocene, where mass extinction 
is leading to a loss of large predators, eliminates the hope of predator control.  
By April 2021, the mouse plague has increased and extended further into Southern 
Australia regions such as Hay and Deniliquin, where farmers struggle with rapid mouse 
increases (Brann and Hughes, 2021).  Farmers are hoping that winter will lead to a drop in 
population; however, the mice have created an extensive burrowing system in crop fields, 
which may allow them to avoid the cold and still gather food (Brann and Hughes, 2021).  Those 
same rodent burrows present easy access for rodents during spring and summer, after cold 
weather passes. Farmers have been advised not to count on increased rain or winter conditions 
to control mouse populations and instead continue using rodent bait, which has already failed 
to make a difference (Brann and Hughes, 2021).  Farmers of rice crops are unable to use bait 
because rice paddies are underwater.  These farmers can only bait the outside of their crops, 
and farmers speculate whether the situation will be never-ending (Figure 19) (Brann and 




discovery of piles of dead mice in pools and water tanks (Thackery, 2021).   Residents are 
concerned that drinking water could become contaminated with rodent-borne illness and 
poisoned by the bait ingested by mice (Thackery, 2021). Farmers and residents have been 
warned to limit baiting to areas far from drinking water sources and to remain cautious 
(Thackery, 2021). The Australian Mouse Plague of 2021 offers the rest of the world a glimpse 




Figure 19. Dead mice collected in the town of Dobbio, Australia where some residents report collecting 400-500 mice in one 







Global climate change, human interference and wildfire are altering disease dynamics 
for all zoonotic pathogens including Sin Nombre hantavirus.  Sin Nombre hantavirus risk to 
humans is a function of abundance (the number of deer mice in a population) and seropositivity 
levels (SP)(the pathogen level in a population) and human contact. Abundance and 
seropositivity may not always increase at the same time and an increase in one of these factors 
can spur an outbreak. For instance, during the Yosemite National Park Outbreak of 2012, 
abundance was the main factor for increased human risk, as seroprevalence levels were found 
to be relatively stable (Nunez et al., 2014). Smaller populations of deer mice with high 
seroprevalence levels present a significant threat to humans especially within in shared 
domestic or peridomestic spaces  (Kuenzi et al., 2000).   
 
Risk=Abundance x SP [x (human contact)] 
 
Many factors that increase Sin Nombre hantavirus risk in North America are co-
occurring which increase human risk for infection (Table 10).  In the time of climate change, 
drought, temperature, and fire incidences are all increasing.  Increased drought and 
temperature may reduce or stabilize deer mouse populations in some areas and increase the 
risk for hantavirus in others. Increased temperature in desert regions such as the Four Corners 
region has been speculated to make the conditions unlivable for deer mice leading to their 
replacement by other generalist species in those areas (Dearing and Dizney, 2010).  Warmer 
climates may allow for tropical strains of hantavirus, such as Andes virus, to thrive in North 
America  (Dearing and Dizney, 2010; Klempa, 2009).  As climate change increases weather 
extreme weather events, changes biomes and destabilizes ecosystems, biodiversity will be 
reduced and the most prolific generalist species in North America, the deer mouse, may find it 
easier to thrive. Drought and temperature work together to increase fire overall, which creates 
ideal habitat for deer mice and could increase abundance and seropositivity, raising risk.   
 Fire increases abundance of deer mice in burned areas between 1.6-10 times the 




hantavirus outbreaks where levels of deer mice were increased between 4-10 times their 
normal populations (Van Hook, 2018).  Large populations of deer mice living in areas of low 
biodiversity, have been shown to have higher seroprevalence levels of pathogens.  The increase 
of fires and the deer mouse’s preference for burned areas is a significant factor for overall Sin 
Nombre hantavirus risk in North America.  
Human interference in areas of agriculture, ecosystem disruption, and increased human 
settlement in the WUI, have been shown to reduce biodiversity, increase generalist rodent 
presence and increase pathogen risk to humans.  Human land use increases seropositivity in 
unexpected ways.  ATV use in a recreational area in Utah has been attributed to deer mice 
seropositivity rates of 29.7% or three times the levels of nearby populations (Mackelprang et 
al., 2001).   
As humans expand outward into the wildland urban interface, we increase the risk of Sin 
Nombre hantavirus transmission because our homes are shared with deer mice.  
Peridomestic deer mice populations were found to have seropositivity rates of 20% when 
captured in Montana homes between 1993-1996 (Kuenzi et al., 2000).   This is lower than 
seroprevalence levels of Sin Nombre Hantavirus Outbreak of 1993 (27.5%-32.5%) but higher 
than sylvatic populations in Colorado, Montana, Kansas and national parks in central and 
eastern United States (Kuenzi et al., 2000).  In the time of climate change, increased wildfires 
and human interference are creating the perfect conditions for deer mice so that Sin Nombre 














Table 10. Hantavirus risk is a function of host abundance, seropositivity rates and human contact. The co-occurrence of climate 
change, fire and human interference increase Sin Nombre hantavirus risk in North America as biodiversity is reduced and 
selection for generalist species occurs. 
 
  
Recommendations   
Testing 
Implementation of standardized testing for hantavirus in North America is 
recommended for patients experiencing cold and flu symptoms in vulnerable communities such 
as Native Americans, agricultural workers, firefighters and first responders and those who 
handle rodents. Increased testing would allow a general baseline for hantavirus levels in high-
risk populations and reduce misdiagnosis and fatalities. It would also allow each county and the 
CDC to track local populations of deer mice and high-risk events such as fires, floods, and 
weather events.  Increased monitoring and research into hantavirus seroprevalence in domestic 
animals such as cats, dogs and livestock that live between humans and rodents is also 
recommended.  
 The Yosemite National Park 2012 outbreak involving Signature Tent Cabins is an 




Signature Tent Cabins differed from standard cabins as they contained drywall sides filled with 
foam insulation and were designed for warmth during winter camping.  After cases of 
hantavirus were reported, the cabins were opened up, and deer mice nests were found inside, 
after which they were dismantled. Ten total Sin Nombre hantavirus cases were confirmed.  
Three fatalities occurred and seven patients required intensive hospital care for at least seven 
days.  Two patients out of ten displayed milder symptoms that varied from a traditional 
hantavirus diagnosis. One reported cough, fever, and shortness of breath. The other reported 
nausea, vomiting, diarrhea, and headache. The diversity in symptom presentation speaks to the 
difficulty in diagnosis. While nine patients had stayed in the tent cabins, one had stayed in 
multiple regular tents in Tuolumne Meadows, at least 16 miles away. The realization that two 
milder cases would have gone undiagnosed led Nunez et al. (2014) to determine that not every 
Sin Nombre hantavirus case had been identified in Yosemite National Park that year.   
Hantavirus is a difficult disease to catch. The Yosemite 2012 outbreak saw odds of 
approximately 1 in 1,000 guests acquiring Sin Nombre hantavirus. However, once it is acquired, 
it requires expert care—seven out of ten patients required hospitalization for at least seven 
days. Two fatalities were retroactively diagnosed after death, which is common in hantavirus 
cases where initial death is unknown and then attributed to the virus.  Milder presentations, 
such as the two cases with atypical symptoms, would never have been recognized if not for the 
blood testing due to a larger outbreak.  This blood testing allowed CDC investigators to discover 
the milder hantavirus case acquired in Tuolumne Meadows, which could not be attributed to 
the Signature Tent Cabins.  This case shows that the Sin Nombre hantavirus is being acquired by 
humans in the area but would not have been discovered if not for the larger outbreak. The 
details of the 2012 outbreak in Yosemite National Park caused a UCSF physician to announce 
that previous understandings of hantavirus at higher elevations may be changing, and 
hantavirus may be moving to lower elevations (Norris, 2012).   The first case of Sin Nombre 
hantavirus was discovered in Santa Cruz County, California in 2018- an area previously thought 
to be untouched by hantavirus (Kjemtrup et al., 2019). As ecosystem disruption and warming 




hantavirus need to be reconsidered. Previous understanding of pathogen spread, and risk will 
change and patient testing can be used to track these changes.  
An influx of rodents after wildfire would make a diagnosis of Sin Nombre hantavirus 
complex. An increase in smoke and wildfire in an area of a Sin Nombre hantavirus outbreak 
could confuse respiratory reactions with hantavirus symptoms.  High-risk occupations such as 
first responders and firefighters who spend long periods of time in wild spaces during fire 
season should be considered for testing.  Hantavirus patients and those reacting negatively to 
smoke inhalation would put increased strain on hospital equipment and specialized care. A 
hantavirus case or outbreak in an area experiencing a local fire or agricultural burn may take 
longer to discover or be missed altogether.  
 
Looking to the Land  
  During the 1993 Sin Nombre outbreak, CDC specialists arrived on Navajo land in the 
Four Corners region of North America to investigate a mysterious outbreak with no known 
cause. Hypotheses including toxic leaks or spills, bacteria, water-borne illness, and other ideas 
were considered. All that was known was that two very young, healthy athletes had died of 
severe cardiac and hemorrhaging of the lungs- reminding investigators of the Spanish Flu, a 
frightening thought. Upon their arrival, the investigators spoke with Navajo tribal members 
who simply said, "We have too many mice," as they gestured to the land around them.  This is 
where the CDC started their investigation, and the Navajo members turned out to be correct. 
The disease that was plaguing their tribe was a rodent-borne one (Harper and Meyer, 1999).  
  The Navajo looked to the land and noticed an ecosystem out of balance. Not everyone 
on the CDC team believed the illness could be rodent-borne, but it turned out to be. In the 
current anthropogenic landscape, looking towards the land to assess for future disease risk is 
recommended.  Areas inhabited by humans contain multiple factors which increase deer mice 
abundance and seropositivity levels, such as land fragmentation, plant pathogens, and human 
structures (Langlois et al., 2001). Current deer mice populations around North America are 
facing multiple stressors while remaining active hyper-reservoirs for disease. Climate change 




instilling ecosystem resilience, such as maintaining coyote and wolf populations, can reduce risk 
of future rodent-borne illness.  
 Current epidemiological and scientific reporting on New World hantaviruses leaves out 
essential data that could be important to predicting outbreaks rather than chasing them.  While 
homes and workplaces are investigated during outbreaks, data about the surrounding 
landscape is left out, such as the distance of the home to a nearby ecological disturbance. While 
an epidemiological report may broadly state that Brazil is undergoing high levels of slash and 
burn agriculture, the details of how close a patient lives to this destruction is not mentioned.  
Considering most exposures in North America are in the home, it is crucial to understand what 
is happening to the landscape around the home to mitigate risk.  Reporting must look at the 
landscape with a critical eye, noting fragmentated areas around a pathogen exposure. 
 
Remote Sensing  
Remote sensing has been shown as a helpful tool in determining agricultural Burning 
areas in the United States (McCarty et al., 2017).  To get ahead of the disease, recent wildfire 
data can be combined with human land disturbance data such as agriculture, human 
settlement, mining, and pastureland to assess where the increased risk for hantavirus is.  This 
method could also be used to monitor disasters that deer mice and other generalist rodents 
respond to, including weather events, flooding, and ecosystem destruction.  This system would 
allow disease ecologists to monitor abundance and test seroprevalence levels of local deer mice 
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